一次元ハロゲン架橋および三次元ギ酸架橋配位高分子における構造と物性制御に関する研究 by Kumagai  Shohei
Controlling the structures and solid-state
properties of one-dimensional halogen-bridged
and three-dimensional formate-bridged
coordination polymers





博 士 論 文 
 
Controlling the structures and solid-state properties of  
one-dimensional halogen-bridged and 










熊 谷  翔 平 
２０１５年 
 


























- 2 - 
 
Contents 
Chapter 1. Introduction ............................................................................................................... - 10 - 
1. 1. Importance of science in solid state .................................................................................... - 11 - 
1. 2. Relationships between structures and properties ............................................................. - 11 - 
1. 3. Organic–inorganic hybrid materials .................................................................................. - 13 - 
1. 4. Coordination polymers (CPs) ............................................................................................. - 13 - 
1. 5. 1D CPs: Halogen-bridged transition metal complexes ..................................................... - 14 - 
1. 6. 3D CPs: Organic–inorganic hybrid perovskites ................................................................ - 24 - 
1. 7. Research subject ................................................................................................................... - 31 - 
1. 8. Outline................................................................................................................................... - 34 - 
1. 9. Methods................................................................................................................................. - 36 - 
Single crystal X-ray diffraction (SXRD). .................................................................................. - 36 - 
Powder X-ray diffraction (PXRD). ........................................................................................... - 36 - 
Solution-state 1H nuclear magnetic resonance (NMR) spectroscopy. ...................................... - 36 - 
Electrospray ionization time-of-flight mass (ESI-TOF-MS) spectroscopy. .............................. - 37 - 
Ultraviolet–visible–near infrared (UV–Vis–NIR) spectroscopy................................................ - 37 - 
Infrared (IR) spectroscopy. ........................................................................................................ - 37 - 
Thermal analyses. ...................................................................................................................... - 37 - 
Spin coating. .............................................................................................................................. - 38 - 
Electrical resistivity measurement. ............................................................................................ - 38 - 
Electron spin resonance (ESR) spectroscopy. ........................................................................... - 38 - 
Polarized Raman spectroscopy. ................................................................................................. - 38 - 
Polarized reflectivity spectroscopy. ........................................................................................... - 39 - 
Tunneling electron microscope (TEM). .................................................................................... - 39 - 
Complex dielectric measurement. ............................................................................................. - 39 - 
Nanoindentation. ....................................................................................................................... - 39 - 
1. 10. List of abbreviations and physical constants used in this thesis .................................... - 41 - 
Reference in Chapter 1 ................................................................................................................ - 43 - 
 
- 3 - 
 
Chapter 2. 1D CPs: Control of MV–AV transition temperature in MX-chains by modifying the 
amphiphilic counteion ................................................................................................................. - 48 - 
2. 1. Beginning remarks ............................................................................................................... - 49 - 
2. 2. Chapter introduction ........................................................................................................... - 49 - 
2. 3. Design of counterions ........................................................................................................... - 50 - 
2. 4. Syntheses of counterions ...................................................................................................... - 51 - 
2. 4. 1. Dialkyl α-sulfomalonate sodium salts, Na(MalCn). ...................................................... - 51 - 
Dialkyl malonate (2Cn). ........................................................................................................ - 51 - 
Dialkyl α-sulfomalonate sodium salt, Na(MalCn). ............................................................... - 52 - 
Diheptyl α-sulfomalonate sodium salt, Na(MalC7). ............................................................. - 52 - 
2C4. ....................................................................................................................................... - 53 - 
Na(MalC4). ........................................................................................................................... - 53 - 
2C5. ....................................................................................................................................... - 53 - 
Na(MalC5). ........................................................................................................................... - 53 - 
2C6. ....................................................................................................................................... - 53 - 
Na(MalC6). ........................................................................................................................... - 53 - 
2C8. ....................................................................................................................................... - 54 - 
Na(MalC8). ........................................................................................................................... - 54 - 
2C9. ....................................................................................................................................... - 54 - 
Na(MalC9). ........................................................................................................................... - 54 - 
2C12. ...................................................................................................................................... - 54 - 
Na(MalC12). .......................................................................................................................... - 54 - 
2. 4. 2. Dialkyl 2-sulfoglutarate sodium salts, Na(GluCn). ....................................................... - 54 - 
(S)-(–)-2-bromoglutaric acid (4). .......................................................................................... - 54 - 
Dinonyl (S)-(–)-2-bromoglutarate (5C9). .............................................................................. - 55 - 
Didodecyl (S)-(–)-2-bromoglutarate (5C12). ......................................................................... - 56 - 
Dinonyl 2-sulfoglutarate sodium salt (Na(GluC9)). ............................................................. - 57 - 
1,5-bis(dodecyloxy)-1,5-dioxopentane-2-sulfonic acid (H(GluC12)). .................................. - 58 - 
2. 5. Syntheses of metal complexes.............................................................................................. - 59 - 
2. 5. 1. Discrete complexes for starting material ....................................................................... - 59 - 
[Pd(en)2]Br2. ......................................................................................................................... - 59 - 
[Pt(en)2]Br2. .......................................................................................................................... - 60 - 
[PtBr2(en)2]Br2. ..................................................................................................................... - 60 - 
2. 5. 2. [Pd(en)2Br](MalCn)·H2O (PdBrMalCn) ..................................................................... - 60 - 
- 4 - 
 
[Pd(en)2Br](MalC4)2·H2O (PdBrMalC4). ........................................................................... - 60 - 
[Pd(en)2Br](MalC5)2·H2O (PdBrMalC5). ........................................................................... - 60 - 
[Pd(en)2Br](MalC6)2·H2O (PdBrMalC6). ........................................................................... - 61 - 
[Pd(en)2Br](MalC7)2·H2O (PdBrMalC7). ........................................................................... - 61 - 
[Pd(en)2Br](MalC12)2·H2O (PdBrMalC12). ....................................................................... - 61 - 
2. 5. 3. [Pt(en)2Br](MalCn)·H2O (PdBrMalCn) ...................................................................... - 61 - 
[Pt(en)2Br](MalC6)2·H2O (PtBrMalC6). ........................................................................... - 61 - 
2. 5. 4. [Pd(en)2Br](GluCn)·H2O (PdBrGluCn) ...................................................................... - 62 - 
[Pd(en)2Br](GluC9)2·H2O (PdBrGluC9). ........................................................................... - 62 - 
2. 6. Crystal structure .................................................................................................................. - 63 - 
2. 6. 1. PdBrMalC6 .................................................................................................................. - 63 - 
2. 6. 2. PdBrMalC7 .................................................................................................................. - 68 - 
2. 7. Structural insight into PdBrMalCn in the high-T phase .................................................. - 71 - 
2. 7. 1. X-ray oscillation photographs of PdBrMalC7 at various T. ........................................ - 71 - 
2. 8. Electron spin resonance (ESR) spectroscopy: magnetic characterization ...................... - 73 - 
2. 8. 1. Fundamentals................................................................................................................. - 73 - 
2. 8. 2. VT ESR spectra for PdBrMalC7. ................................................................................. - 74 - 
2. 8. 3. Temperature dependence of spin susceptibility. ............................................................ - 75 - 
2. 8. 4. Temperature dependence of g value and linewidth ....................................................... - 75 - 
2. 8. 5. Summary of ESR study. ................................................................................................ - 78 - 
2. 9. Electrical conductivity ......................................................................................................... - 78 - 
2. 9. 1. Fundamentals................................................................................................................. - 78 - 
2. 9. 2. T dependence of electrical resistivity in PdBrMalCn. ................................................. - 78 - 
2. 9. 3. Summary of electrical resistivity measurement ............................................................. - 80 - 
2. 10. Raman spectroscopy .......................................................................................................... - 81 - 
2. 10. 1. Fundamentals............................................................................................................... - 81 - 
2. 10. 2. VT Polarized Raman spectra for PdBrMalC7 ............................................................ - 81 - 
- 5 - 
 
2. 11. Infrared spectroscopy ........................................................................................................ - 83 - 
2. 11. 1. Fundamentals. .............................................................................................................. - 83 - 
2. 11. 2. VT IR spectra for PdBrMalC7 ................................................................................... - 84 - 
2. 11. 3. VT IR spectra for PdBrMalCn (n = 5 and 6). ............................................................ - 85 - 
2. 12. Polarized reflectivity spectroscopy ................................................................................... - 86 - 
2. 12. 1. Fundamentals............................................................................................................... - 86 - 
2. 12. 2. VT reflectivity spectra for PdBrMalC7. ..................................................................... - 87 - 
2. 12. 3. VT optical conductivity spectra for PdBrMalC7. ...................................................... - 87 - 
2. 13. Discussion: AV–MV transition temperature .................................................................... - 90 - 
2. 14. Origin of the increased TC ................................................................................................. - 92 - 
2. 14. 1. Single crystal structure of PtBrMalC6 ....................................................................... - 92 - 
2. 14. 2. Insights into the possible origin of the different TC between the Pd MX-chains with 
SucCn– and MalCn– ................................................................................................................... - 96 - 
2. 15. Application to thin film material .................................................................................... - 103 - 
2. 15. 1. Fundamentals............................................................................................................. - 103 - 
2. 15. 2. Fabrication procedure ................................................................................................ - 104 - 
Fabrication of PdBrMalC12–PMMA hybrid thin film (TF-C12). .................................... - 104 - 
2. 15. 3. UV–Vis–NIR absorption spectrum ............................................................................ - 105 - 
2. 15. 4. Nanostructure of PdBrMalC12 ................................................................................ - 107 - 
2. 16. Further insight into an effect of chemical structure of the amphiphilic counterion .. - 109 - 
2. 17. Conclusion ........................................................................................................................ - 112 - 
References in Chapter 2 ............................................................................................................ - 113 - 
 
Chapter 3. 1D CPs: Enhancement of the charge-density-wave amplitudes in MX-chains toward 
the discrete limit by utilizing a bulky counterion, ReO4– ....................................................... - 116 - 
3. 1. Chapter introduction ......................................................................................................... - 117 - 
3. 2. Experimental details .......................................................................................................... - 119 - 
Single crystal X-ray diffraction (SXRD) study. ...................................................................... - 119 - 
- 6 - 
 
Powder X-ray diffraction (PXRD) study ................................................................................. - 119 - 
Fourier transformation infrared (FT-IR) spectroscopy.. .......................................................... - 119 - 
Ultraviolet–visible–near infrared (UV–Vis–NIR) spectroscopy.............................................. - 119 - 
Thermal analysis. .................................................................................................................... - 119 - 
3. 3. Synthesis ............................................................................................................................. - 120 - 
[Pt(en)2]I2. ............................................................................................................................... - 120 - 
[PtII(en)2][PtIV(en)2I2](ClO4)4. ................................................................................................. - 120 - 
[PdII(en)2][PdIVBr2(en)2](ReO4)4 (1PdBr). ............................................................................. - 120 - 
[PtII(en)2][PtIVBr2(en)2](ReO4)4 (2PtBr). ................................................................................ - 121 - 
[Pt(en)2][PtI2(en)2](ReO4)4 (3PtI). .......................................................................................... - 122 - 
3. 4. Crystal structure ................................................................................................................ - 123 - 
3. 4. 1. [PdII(en)2][PdIVBr2(en)2](ReO4)4 (1PdBr)................................................................... - 123 - 
3. 4. 2. Polymorph of 1PdBr, [PdII(en)2][PdIVBr2(en)2](ReO4)4 (1’PdBr) .............................. - 126 - 
3. 4. 3. [PtII(en)2][PtIVBr2(en)2](ReO4)4 (2PtBr) ..................................................................... - 129 - 
3. 4. 4. [PtII(en)2][PtIV(en)2I2](ReO4)4 (3PtI) ........................................................................... - 133 - 
3. 4. 5. Comparison of the crystal structures ........................................................................... - 136 - 
3. 4. 6. Powder X-ray diffraction (PXRD) patterns ................................................................. - 139 - 
3. 5. ATR FT-IR spectra ............................................................................................................. - 141 - 
3. 6. Electronic spectra ............................................................................................................... - 143 - 
3. 6. 1. Fundamentals............................................................................................................... - 143 - 
3. 6. 2. Diffuse reflectance spectra .......................................................................................... - 143 - 
3. 6. 3. Comparison of ECT with previous works ..................................................................... - 144 - 
3. 7. Thermal properties ............................................................................................................ - 146 - 
3. 7. 1. Thermogravimetric (TG) analysis ............................................................................... - 146 - 
3. 7. 2. Differential scanning calorimetry (DSC) .................................................................... - 147 - 
3. 8. Discussion ........................................................................................................................... - 150 - 
- 7 - 
 
3. 8. 1. Crystal structure in the high-temperature phase ........................................................ - 150 - 
3. 8. 2. Tuning the CDW amplitudes ......................................................................................... - 154 - 
3. 10. Conclusion ........................................................................................................................ - 155 - 
References in Chapter 3 ............................................................................................................ - 156 - 
 
Chapter 4. 3D CP: Tuning mechanical and thermodynamic properties in formate-based hybrid 
perovskites with a general formula of AB(HCOO)3: the A-site solid solution [NH3NH2]1–
x[NH3OH]xZn(HCOO)3 (0.0 ≤ x ≤ 0.48) .................................................................................... - 158 - 
4. 1. Beginning remarks ............................................................................................................. - 159 - 
4. 2. Chapter introduction ......................................................................................................... - 159 - 
4. 3. Experimental details .......................................................................................................... - 162 - 
Single-crystal X-ray diffraction (SXRD) study. ...................................................................... - 162 - 
Powder X-ray diffraction (PXRD). ......................................................................................... - 162 - 
Infrared spectroscopy. ............................................................................................................. - 162 - 
Thermal analyses. .................................................................................................................... - 162 - 
Dielectric measurements. ........................................................................................................ - 163 - 
Nanoindentation. ..................................................................................................................... - 163 - 
4. 4. Synthesis ............................................................................................................................. - 163 - 
4. 5. Sample characterization .................................................................................................... - 165 - 
4. 5. 1. Elemental analysis ....................................................................................................... - 165 - 
4. 5. 2. IR spectroscopy ........................................................................................................... - 166 - 
4. 6. Structural analysis ............................................................................................................. - 167 - 
4. 6. 1. PXRD analysis ............................................................................................................ - 167 - 
4. 6. 2. SXRD analysis ............................................................................................................ - 170 - 
4. 7. Thermal analysis ................................................................................................................ - 174 - 
4. 7. 1. TG/DTA analysis ......................................................................................................... - 174 - 
4. 7. 2. DSC analysis ............................................................................................................... - 174 - 
4. 8. Dielectric property ............................................................................................................. - 177 - 
- 8 - 
 
4. 8. 1. Fundamentals............................................................................................................... - 177 - 
4. 8. 2. Temperature-dependent dielectric constant measurement ........................................... - 177 - 
4. 9. Mechanical property .......................................................................................................... - 181 - 
4. 9. 1. Fundamentals............................................................................................................... - 181 - 
4. 9. 2. Sample preparation ...................................................................................................... - 185 - 
4. 9. 3. Results and discussion ................................................................................................. - 186 - 
4. 9. 4. Origin of the change in mechanical property .............................................................. - 188 - 
4. 10. Conclusion ........................................................................................................................ - 195 - 
References in Chapter 4 ............................................................................................................ - 196 - 
 
Chapter 5. 3D CP: Exploration of polymorphism in a family of organic–inorganic hybrid 
material with a general formula of AB(HCOO)3 .................................................................... - 198 - 
5. 1. Beginning remarks ............................................................................................................. - 199 - 
5. 2. Chapter introduction ......................................................................................................... - 199 - 
5. 3. Quantum chemical calculations on [NH3NH2]Zn(HCOO)3. ........................................... - 202 - 
5. 4. Experimental details .......................................................................................................... - 205 - 
Single-crystal X-ray diffraction (SXRD) study................................................................... - 205 - 
Powder X-ray diffraction (PXRD) measurement. ............................................................... - 206 - 
Thermal analyses. ............................................................................................................... - 206 - 
5. 5. Synthesis ............................................................................................................................. - 206 - 
Synthesis of 2Zn’. ................................................................................................................... - 208 - 
5. 6. Crystal structure ................................................................................................................ - 210 - 
5. 6. 1. Single crystal structure ................................................................................................ - 210 - 
5. 6. 2. PXRD analysis ............................................................................................................ - 213 - 
5. 7. Thermal properties ............................................................................................................ - 214 - 
5. 7. 1. DSC analysis ............................................................................................................... - 214 - 
5. 7. 2. TG/DTA analysis ......................................................................................................... - 215 - 
5. 8. Structural transformation under ambient condition ...................................................... - 216 - 
- 9 - 
 
5. 8. Conclusion .......................................................................................................................... - 218 - 
References in Chapter 5 ............................................................................................................ - 219 - 
 
Chapter 6. Conclusion ............................................................................................................... - 220 - 
6. 1. Conclusive remarks ........................................................................................................... - 221 - 
References in Chapter 6 ............................................................................................................ - 224 - 
 
Appendix. .................................................................................................................................... - 226 - 
Publications ................................................................................................................................ - 227 - 










































- 11 - 
 
1. 1. Importance of science in solid state 
 In nature, materials exist in gas, liquid or solid state. While gas and liquid are quite important 
for living creatures to be alive, most of the materials are in solid state on earth. Thus, it must be 
important to study the structures and properties of the solid-state materials from both fundamental and 
applied scientific points of view. For example, specific electronic phenomena, such as conductivity, 
magnetism and dielectricity, and bistabitily in solid-state materials are applied to memory, sensor and 
so on. Therefore, investigations on solid-state science are crucial for modern society, and indeed, much 
efforts have been paid to both synthetic and applied studies. However, there still remain many 
problems on the currently used materials as some of them are potentially toxic, less efficient, expensive, 
etc. Hence, exploring new functional materials is an attractive subject to overcome the problems 
currently concerned. 
 
1. 2. Relationships between structures and properties 
 In solid materials, the crystal structures and properties are strongly correlated to 
each other. The important points should depend on the properties subjected to discussion; for example, 
the electronic properties are critically varied with dependent on the dimension of related electron 
systems. Generally, the materials in a one-dimensional (1D) electron system are told to exhibit physical 
properties derived from the fluctuation between electron and lattice. On the other hand, 2D and 3D 
materials basically follow the theory of bulk state. 
In other words, in 1D electron systems, an assembly structure is accompanied by overlaps 
among electron orbitals, which forms band structures, as a result of cooperativity. However, when a 
half-filled “metallic” band is formed, the materials in a 1D electron system should turn in an insulating 
state at finite temperatures, which is accompanied by the periodic lattice distortions. This is generally 
characteristic to the 1D electron systems, and this phenomenon is called Peierls instability. The 
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representative materials are a charge-transfer complex composed tetrathiafulvalene (TTF) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ), being called TTF–TCNQ,1 and [Pt(CN)4]Br0.3·3H2O (so-called 
KCP),2 both of which show the metallic temperature dependence of electrical conductivity above room 
temperature. In addition, there have been reported the other phenomena characteristic to 1D electron 
systems, such as Tomonaga–Luttinger liquid,3,4 spin–Peierls transition5,6 and slow relaxation in single-
chain magnets.7,8 
On the other hand, in the 3D electron systems, the quantum effects disappear and the 
materials are dominated by the bulk-like characters. Accordingly, in 3D electron systems, a metal state 
can continue down to low temperature, a magnetic ordering can be observed at high temperature, and 
a superconducting state can appear unlike the 1D system. Therefore, such materials are currently used 
for a variety of electronic devices, and still now, much attention has been paid to advanced 
investigations on the materials in the 3D system. In the case of 2D electron systems, we can assume 
them lying between the 1D and 3D systems. Thus, the characters of bulk state predominantly act, 
whereas the fluctuation effect still but somewhat weakly remains. Indeed, some representative 2D 
materials, such as graphene and transition metal dichalcogenides (TMDCs), could show quantum 
physical properties, as well as the dimensionally reduced bulk materials. These features have recently 
led us to investigate the 2D materials for application to devices, such as field-effect transistors. 
Accordingly, it is quite important to discuss the solid-state properties in comparison with the 
structural features. Usually, the organic or the molecular solids are more complicated than the purely 
inorganic materials due to coexistence of wide variety of complex interactions, such as π–π interaction, 
hydrogen bond and ionic interactions. Whereas some of them not directly affect the properties, they 
should have impacts to determine the crystal structures. Hence, it is worth getting deep insights into 
the structure–property relationships in order to make progress the solid-state science. 
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1. 3. Organic–inorganic hybrid materials 
 Though, of course, purely inorganic solids, such as metal oxides, TMDCs and alloys, are 
potentially very powerful materials aiming at practical applications because of the strong 
communications and interactions among the metal atom/ion sites. On the other hand, molecular solids, 
which are composed of organic molecules and/or metal complexes, are another class of functional 
solid-state materials having the good designabilities in their structures and functions. Not only organic 
materials but also metal complexes belong to the class of molecular solids. Although purely organic 
solids have advantages such as lightness, flexibility and low cost, metal complexes have fascinating 
potential functionalities in electric, magnetic, optical and other properties because they can combine 
the intrinsic features of both organic and inorganic species. And furthermore, they possibly transcend 
the performances of solely organic/inorganic materials. In addition, the organic–inorganic hybrid 
materials exhibit a great structural diversity,9 which must be related to their solid-state properties. 
Therefore, developments of metal complexes and their solids will provide plenty of fascinating new 
materials. 
 
1. 4. Coordination polymers (CPs) 
 Coordination polymer (CP) is one of the organic–inorganic hybrid materials and defined as 
a coordination compound with repeating coordination entities extending in 1, 2, or 3 dimensions.10 
Traditional CPs have been constructed from metal ions with small anionic linkers, such as halides X–, 
cyanides CN–, thiocyanates SCN–, oxalates C2O42–, etc., and these linkers are still investigated because 
of their strong interactions between the coordinating metal ions, leading to a variety of solid state 
properties. Moreover, metal–organic frameworks (MOFs) have emerged as a new class of CPs in the 
past two decades. MOFs are defined as a coordination networks with organic ligands containing 
potential voids.10 Further classification of MOFs divide them into porous and non-porous (dense) ones. 
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The porous MOFs mostly include solvent molecules in the voids in the as-synthesized form. However, 
after removal of solvent molecules, the potential voids can be available as the real space. In contrast, 
the dense MOFs do not have potential voids, which are occupied by counterions or other nonvolatile 
components. Therefore, the porous and the dense MOFs are considered to have different potential 
applications. Indeed, the porous MOFs have been described as, for example, an adsorber for gas or 
small molecules.11–13 On the other hand, the dense MOFs are a candidate for photovoltaic 
applications,14,15 multiferroic materials,16–20 etc. in the next generation. 
 
1. 5. 1D CPs: Halogen-bridged transition metal complexes 
In 1900, Wolfram reported a mixed valence chloride-bridged platinum one-dimensional 
(1D) chain compound, [PtII(NH2C2H5)4][PtIVCl2(NH2C2H5)4]Cl4·4H2O,21 being known as an 
Wolfram’s red salt (Figure 1-1). Since then, a family of quasi-1D halogen-bridged transition metal 
complexes has been intensively investigated due to their characteristic chain structures, a variety of 
electronic states and physical properties. It is worth noting they are known as one of the initiative 
conductive CPs.22 They are generally categorized into two systems on the basis of the number of metal 
ions per unit: mononuclear (MX-chains) and dinuclear (MMX-chains) complexes. By chemists and 
physicists, it has been theoretically and experimentally clarified that the MX-chains and MMX-chains 
show the different electronic states and concomitant solid-states features. 
MMX-chains form the chain structures consisting of paddle-wheel dinuclear metal units and 
halide (X) ions, such as [M2(S2CR)4X] (M: metal ions, Ni and Pt; R = alkyl-chain group)24–26 and 
[Pt2(P2H2O5)4X]4–,28–32 i.e. M–M–X–M–M–X. It has been theoretically33,34 and experimentally 
shown that MMX-chains can form four electronic states, and a variety of physical properties, such as 
a high electrical conductivity, metal–insulator transition and negative differential resistance, have been 
reported so far.24–26,35–40 
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Figure 1-1. Structure of Wolfram’s red salt, [Pt(NH2C2H5)4][PtCl2(NH2C2H5)4]Cl4·4H2O.23 C, gray; 
N, blue; O, red; Cl, green; Pt, white. Hydrogen atoms are omitted for clarity. Note that the disordered 
positions of the bridging Cl ions are not properly shown in this picture. 
 
 
In the MX-chains, M (M = Ni, Pd and Pt) ions and X (X = Cl, Br and I) ions alternate along 
the chain, which is represented as M–X–M–X. Moreover, a chain is composed of the dz2 orbitals 
of M ions and the pz orbitals of X ions (Figure 1-2). Moreover, M ions are coordinated by the 
equatorial ligands (L), and counterions (Y) may be necessary if the charge of the 1D chain itself is not 
neutral. Sometimes, crystallization solvents, such as water molecules, are included into the crystal 
structure. Importantly, hydrogen bonds have been always necessary to crystallize the MX-chains in 
the all reported materials. Hydrogen bonds are usually formed among L, Y and crystallization solvents. 
Furthermore, it should be noted that we can potentially synthesize billions of MX-chain derivatives 
by designing new L and Y moieties and combining them with appropriate M and X. 
MX-chains are classified as extended Peierls–Hubbard system,41–44 where the electron–
lattice interaction (S), the transfer integral (t), and the on-site and nearest-neighbor Coulomb repulsions 
(U and V, respectively) strongly compete and cooperate with each other.42 According to the simplest 
understanding, a competition between S and U determines the electronic ground state. An M3+ 
averaged valence (AV) state is formed when U > S (Figure 1-3a), whereas an M2+–M4+ mixed valence 
(MV) state is formed when S > U (Figure 1-3b). 





Figure 1-2. Schematic structure of MX-chain. The examples of each species are shown in the black 
frame on right side. For the L, not only monodentate but also bi-, tri- and tetradentate ligands are 




Figure 1-3. Schematic electronic structures of (a) AV state and (b) MV state. 
 
 
- 17 - 
 
In an AV state, X ions are located at the midpoints between neighboring M3+ ions, and the 
antiferromagnetic interactions act between the electron spins (total spin quantum number = 1/2) in the 
M dz2 orbitals along the chain. As each dz2 orbital holds an unpaired electron, the bulk state would be 
metal. However, the half-filled M3+ dz2 band turns into two separated bands, i.e. an occupied lower 
Hubbard (LH) and an unoccupied upper Hubbard (UH) bands, due to a Mott–Hubbard splitting 
originating from the large electron–electron repulsive energy. As a result, the AV state is insulating 
state. This is understood by considering the fact that an AV state is principally formed because of a 
large U value. Furthermore, this insulating state is called Mott insulator. But, strictly speaking, the 
electronic state of an AV state is different between Ni complexes and Pd and Pt ones. This arises from 
a difference of the relative energy levels between M3+ dz2 and X– pz orbitals. As shown in Figure 1-4, 
in a Ni MX-chain, an X– pz level is located between Ni3+ 3dz2 LH and UH levels, indicating that the 
lowest electronic transition occurs from the X– pz to the Ni3+ 3dz2 UH bands (yellow bold arrow in 
Figure 1-4). In other words, the optical gap, ECT, in a Ni MX-chain is attributed to the energy 
difference between Ni3+ 3dz2 and X– pz bands, where the band widths should be taken into account in 
reality. Thus, the concomitant properties may originate from a charge transfer (CT) from the X to M 
ions. Ni complexes, hence, are sometimes called CT insulators. On the other hand, the M3+ dz2 level 
lies above the X– pz one in Pd and Pt complexes; therefore, they should be the exact Mott insulators. 
That is, the lowest electronic transition occurs from an LH to a UH bands, as shown in Figure 1-5 
(yellow bold arrow). In spite of the difference in excitation pathway between Ni and the other 
compounds, it has not been clarified whether or not the two insulating systems are intrinsically 
different from the viewpoint of solid-state property. This is, in part, because the Pd(III) MX-chains in 
an AV state are too rare to discuss the detailed properties, as mentioned later. Actually, while all Ni 
MX-chains are classified into the AV state, only a few Pd and no Pt compounds are in the AV state. 
Note that an MX-chain in an AV state is classified as a Robin–Day class III mixed valence complex.45 
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Figure 1-6. Electronic structure of MX-chain in an MV state. Yellow arrows depict the lowest 
electronic transition. 
- 19 - 
 
On the other hand, the M ions disproportionate to form M2+ and M4+ sites, and the X ions 
become displaced towards the M4+ ions in an MV state owing to Peierls instability characteristic to 
the 1D electron systems. This state has been actually achieved in the Pd and Pt complexes so far. As 
depicted in Figure 1-6, in these compounds the M2+/4+ dz2 orbitals lie above the X– pz orbital. Hence, 
the lowest electronic transition is assigned to a transition from an M2+ to the nearest-neighbor M4+ site 
(yellow bold arrow in Figure 1-6). As the disproportionation is caused accompanied by Peierls 
instability, or a displacement of bridging X– ions, the MV state can be regarded as a Peierls insulator. 
In addition, this state is classified as Robin–Day class II.45 
 One of the most important characteristics of the MX-chains is the correlation between 
structural features and optical gap (ECT). From such viewpoint, the MX-chains are categorized to an 
electron–lattice coupling system. Three representative correlations are shown in Figure 1-7.46,47 
Therein, distributions of M2+–X and M4+–X lengths (l1 and l2, respectively) at the corresponding M–
M distance (L) are shown in Figure 1-7a. An important feature in Figure 1-7a is that, for each bridging 
X species, l1 is shortened dramatically with a decrease in L whereas l2 is almost unchanged. Basically, 
this arises from a difference in coordination structures of M2+ and M4+ ions. An M4+ ion tends to form 
a sixth-coordinated octahedral structure, while an M2+ ion prefers forming a tetracoordinated square 
planar one. Thus, X– ions (ligands) can be considered to be actually coordinating to an M4+ ion with 
the constant bond length (l2) of a mass of their ionic radii, whereas l1 is variably determined from the 
relationship between L and l2. Next, Figure 1-7b shows the correlation between the parameter d and 
L. Here is noted a definition of the parameter d, which is a structural parameter deduced from the 
degree of displacement of the X ion (see also Figure 1-8): 
𝑑 = (𝑙1 − 𝑙2) (𝑙1 +⁄ 𝑙2) = (𝑙1 − 𝑙2) 𝐿⁄ .                (1-1) 
As one may be aware, the larger parameter d value indicates that the bridging X ions are 
more displaced from the midpoint between the neighboring M ions, compared with the system with 
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smaller parameter d value. Then, the degree of displacement of the X ions will result in the differences 
in their solid-state properties, such as optical properties. Indeed, we can see a linear correlation 
between ECT and the parameter d dependent on the M but independent of the X species (Figure 1-7c). 
Therefore, MX-chains are promising materials for tuning their optical and the other properties by 
changing a combination of M, X, L and Y. 
Regarding the strong correlation between the structure and the electronic state in MX-chains, 
what can be understood from it? For example, the energetic difference between the M2+ dz2 and the 
M4+ dz2 levels should get smaller with a decrease in the parameter d, which can be understood by the 
fact that a decrease in the parameter d causes a decrease in ECT in an MV state (Figure 1-7c). As 
illustrated in Figure 1-8, a decrease in the parameter d indicates a decrease in the difference between 
l1 and l2. Thus, the local environments of the M2+ and the M4+ sites become close, leading to the 
similarity not only in their structural but also in their electronic features. Therefore, the valence states 
of M ions should be expressed as the non-integer values, (3±ξ)+ (ξ: the degree of valence 
disproportionation; 0 ≤ ξ ≤ 1), instead of the integer values of 2+, 3+ and 4+. Here, the MX-chains are 
schematically expressed as ···M(3–ξ)+···X–M(3+ξ)+–X···. Indeed, such idea is generally considered in a 
research field of MX-chains and is important to look at the insights into the relationship between the 
structure and the electronic state. However, the valence states of the M ions are usually expressed as 
integer for clarity, if the strict values are not necessary. Thus, the values of valence state will be 
basically expressed as integer in this thesis.
 
 MX-chains have been intensively investigated, and a variety of solid-state phenomena have 
been reported, such as intense and dichroic charge-transfer (CT) bands,48,49 overtone progressions in 
the resonant Raman spectra,50–52 midgap states attributed to solitons and polarons,53 gigantic third-
order nonlinear optical susceptibilities,54,55 ultrafast photo-induced phase conversions,55–60 a spin–
Peierls transition61 and an MV-to-AV phase transition.62 Particularly, the nonlinear optical 
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properties55,56,60 originate from the potential charge bistability among MX-chains, which can be 
switched through the characteristic CT transition along the M–X chains. Owing to these properties, 
MX-chains are the candidate for optical switching materials used for optical computers.63,64 
 
 
Figure 1-7. Relationships between (a) l1,2 and L, (b) the parameter d and L and (c) ECT and the 
parameter d. Green, Cl-; red, Br-; blue, I-bridged chains. Pt, circle; Pd, triangle; Ni, square. Bold 
lines are the guides for the eyes. A broken line in (a) represents the guide for an AV state. All of the 





Figure 1-8. Definition of L and l1,2. 
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Whereas MX-chains are predicted to have the potential charge bistability between an MV 
and an AV state, to our empirical knowledge, MX-chains in reality are in either an MV or an AV state 
without transforming into each other. In other words, the Ni MX-chains are only in an AV state, 
whereas the Pd and Pt MX-chains are only in an MV state. That is, the potential charge bistability had 
not been realized for a long time. In 2008, however, Takaishi et al. demonstrated an MV-to-AV phase 
transition in a Pd MX-chain, [Pd(en)2Br](SucCn)·H2O (PdBrSucCn), for the first time (en: 
ethylenediamine; SucCn–: dialkyl sulfosuccinate; n: the number of carbon atoms in alkyl chain) 
(Figure 1-9).62 This report revealed that an attractive chemical pressure acting between alkyl chains 
of neighboring counterions, SucCn–, could effectively compress the 1D chain. The formation of an AV 
state upon the compression of the 1D chain, i.e. the decrease of L or the parameter d, can be visibly 




Figure 1-9. (a) Chemical structure of SucCn– and (b) crystal structure of PdBrSucC5.62 C, black; H, 
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In other words, a decrease of the parameter d is regarded as a decrease in S. As a result, U 
became predominant over S in the same compound, and finally the compound was successfully 
converted from an MV to an AV state with an increase in n or with a decrease in temperature (T). This 
phenomenon can be also explained from the viewpoint of the potential energy curve of the X ion. If 
the M–X bond is ionic, the potential energy of the X ion is expressed by the Born–Mayer equation. In 
a mixed valence system, the X ions are in a double-minimum potential energy, which is composed of 
the sum of potential energy curves for the M4+–X···M2+ and M2+···X–M4+ local structures, as shown 
in Figure 1-10. Here the potential energy minimums approach each other with a decrease in the 
neighboring M–M distance (L), which corresponds to a decrease in S. Eventually, the potential energy 
forms a single-minimum potential, indicating a change from an MV to an AV state. Since the L can be 
shortened by applying pressure, several high-pressure studies, instead of an utilization of chemical 
pressure, have been performed on complexes with originally short L, such as 
[Pd(chxn)2][Pd(chxn)2Br2]Br2 (chxn = 1R,2R-diaminocyclohexane). However, a Raman spectroscopy 
under pressure detected no occurrences of an MV–AV transition on [Pd(chxn)2][Pd(chxn)2Br2]Br2,67 
although an infrared study under pressure implied a possibility of such transition.68 Thus, the alkyl 
chains acting as a source of attracting chemical pressure are playing a critical role on a formation of 
the AV state in the series of PdBrSucCn.62 Recently, PdBrSucC4, which had not been reported to 
undergo an MV–AV transition even at low T, was demonstrated to have an AV state under high 
pressure of >1.26 GPa at room T.69 Therefore, an utilization of chemical pressure should be more 
efficient than physical (hydrostatic) pressure, leading to a dynamic structural change in crystals. 
Furthermore, functionalizing L and Y will produce new electronic state and properties. 
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Figure 1-10. Schematic potential curves for the bridging X– ions in (a) an MV and (b) an AV state. 
Green and pink broken lines belong to the X– ions in M4+–X···M2+ and M2+···X–M4+ moieties, 
respectively. The summed potential curves are illustrated by black solid lines. 
 
 
1. 6. 3D CPs: Organic–inorganic hybrid perovskites 
 The perovskite-type with a general formula of ABX3 (especially X = O for metal oxides) are 
one of the most important classes of solid-state materials from both the fundamental and the industrial 
points of view. A perovskite structure70 is regarded as a framework composed of B’X6 octahedrons, in 
which small cavities are occupied by the A cation for charge compensation (Figure 1-12). Basically, 
the metal oxides with a perovskite structure exhibit various properties, such as magnetism, 
conductivity and catalysis, etc. For example, a ferromagnetic (La1–xAEx)MnO3 (AE2+: alkali earth 
metal ions)71,72 and a ferroelectric BaTiO373 belong to the perovskites. Not all of the combinations of 
A and B produce the perovskite architecture in reality, whereas every metal ion can be used. In 1926, 
Goldschmidt proposed a concept, so-called tolerance factor (TF), for predicting structural motifs of 
the materials with a general formula of ABX3:74 
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α = (𝑟𝐴 + 𝑟𝑋) √2⁄ (𝑟𝐵 + 𝑟𝑋)                         (1-2) 
, where α stands for the tolerance factor, rA, rB and rX for the ionic radii of A, B and X ions, respectively. 
Owing to such theoretical progress, lots of efforts have been paid to the research on metal oxide 
perovskites from the viewpoints of synthesis, application and so on. 
Recently, a new class of materials has emerged as fascinating solid-state material for the 
next generation, which is called organic–inorganic hybrid perovskites (OIHPs). Note that OIHPs are 
a part of the dense MOFs. Basically, this new hot research field would originate from the report by 
Lee et al. that a famous OIHP, [CH3NH3]PbI3, worked well as the dye-sensitized material for solar 
cells.14 Since then, hundreds of researchers have focused on [CH3NH3]PbI3 and its analogous materials 
to make progress in the fundamentals and applications.75–80 
In general, OIHPs have a general formula of ABX3, where A+, B2+ and X– stand for the 
ammonium cations, divalent metal ions and anionic linkers, respectively. As well as metal oxide 
perovskites, the structures of OIHPs are based on NaCl-like cubic frameworks composed of BX6 
octahedrons, where the cavities are occupied by A+ cations (Figure 1-11). As well, crystal structures 
of several OIHPs are shown in Figure 1-12. 
 
 
Figure 1-11. Schematic illustration of the structure of OIHP. 
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Figure 1-12. Crystal structures of (a) [CH3NH3]PbI3,81 (b) [CH3NH3)Mn(HCOO)382 and (c) 
[(CH3)4N]Mn(N3)3.83 C, black; I, purple; Mn, green; N, blue; O, red; Pb, gray. Hydrogen atoms are 
omitted for clarity. 
 
 
Moreover, OIHPs are known to exhibit a variety of properties depending on the combination 
of A+, B2+ and X–. For instance, OIHPs consisting of Sn2+ and I– as B and X, respectively, show excellent 
charge transport behaviors.84–86 On the other hand, with X = HCOO– (formates) and N3– (azides), the 
materials would exhibit the structural phase transition,83,87,88 magnetic ordering at low temperature18,83 
and paraelectric-to-ferroelectric transition accompanied by order–disorder transition of the A+ cations 
in cavity.17,89–92,95 Therefore, these kinds of OIHPs are the candidate for new multiferroic materials.17,18 
Thanks to many researches on synthesizing new OIHPs, very recently, the TF concept was successfully 
applied to OHIPs.93,94 The calculated TFs are plotted as a function of the effective radius of A+ cation 
(reff) in Figure 1-1393 (see also Table 1-1), while the detailed information on the new TF concept will 
be explained in Chapter 5. According to the literature, in cases of the families of lead iodide and 
manganese formate, the TF value between 0.81 and 1.01 seems to form the perovskite-type 
frameworks, which is derived from a comparison between the theoretical and experimental results. 
In principle, the TF concept mainly focuses on a geometrical problem; however, in the molecular 
solids, not only geometrical parameters but also additional interactions, such as hydrogen bonds, may 
affect the framework formations. Thus, it will be meaningful to study the structural diversity and the 
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difference in properties with the TF value near 0.8 or 1.0. From the viewpoint of synthetic method, 
several methods, such as solvothermal synthesis, mild solution method including slow evaporation 
and diffusion, and sublimation. 
In this thesis, I will particularly focus on the formate-based OIHPs (X = HCOO–). As 
mentioned above, some formate-based OIHPs show paraelectric–ferroelectric phase transitions 
accompanied by dynamic motion of A+ cations.17,90–92,95 If a paramagnetic B2+ ion is utilized, they can 
also exhibit a magnetic ordering via the formate linkers at low temperature.17,18,82,96 In a large family 
of Mn–formate perovskites, the 3D long-range antiferromagnetic ordering with weak ferromagnetism 
conventionally occurs.18 Regarding an A+ dependence of magnetization behavior in the manganese 
formates, the discontinuities are commonly observed at 7–9 K, which are attributable to the Néel 
temperatures (TN), although their crystal structures are inequivalent.82 On the other hand, the metal–
formate perovskites with the same A+ cation but the different B2+ metal ions exhibit the discontinuities 
at different temperatures. For instance, with A+ = [(NH2)3C]+, TN are 8.8, 10.0, 14.2 and 34.2 K for B 
= Mn, Fe, Co and Ni, respectively.96 Thus, it has been implied that the magnetic properties of the 
hybrid metal–formate perovskites depend on the metal ion species mainly but on the A+ cations slightly. 
On one hand, mechanical properties, such as Young’s modulus and hardness, should be important for 
solid-state materials, especially when practical applications are argued. Cheetham and co-workers 
have actually demonstrated the evaluations of the mechanical properties by means of nanoindentation 
on some single crystalline samples. For example, the mechanical properties of the formate-based 
OIHPs are influenced by metal ion species and the difference of their ligand-field stabilization 
energies,96 and by hydrogen bonds between A+ cations and B(HCOO)3– cavity,97 which can enhance 








Figure 1-13. reff variation of TF on the families of Pb iodides and Mn formates. The numbers assigned 
to each compound correspond to the entry numbers in Table 1-1. Filled and hollow symbols indicate 
the compounds with perovskite and non-perovskite structure, respectively. Adopted from Ref. 92 
with permission from The Royal Society of Chemistry. 
 
 
Table 1-1. Effective radii of the selected A+ cations.92 
Entry ammonium [A]+ cation reff / pm 
1 ammonium [NH4]+ 146 
2 hydroxylammonium [NH3OH]+ 216 
3 methylammonium [CH3NH3]+ 217 
4 hydrazinium [NH3NH2]+ 217 
5 azetidinium [(CH2)3NH2]+ 250 
6 formamidinium [NH2(CH)NH2]+ 253 
7 imidazolium [C3N2H5]+ 258 
8 dimethylammonium [(CH3)2NH2]+ 272 
9 ethylammonium [C2H5NH3]+ 274 
10 guanidinium [C(NH2)3]+ 278 
11 tetramethylammonium [(CH3)4N]+ 292 
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As mentioned above, the fundamentals of the formate-based OIHPs have been rapidly 
revealed in the last decade. In particular, they are recently expected to be promising for the multiferroic 
materials in the next generation,17,18 due to the ferroelectric phenomena attributable to the polarity and 
dynamics of A+ cations in cavity and the magnetic orderings through the negative exchange 
interactions characteristic to the formate linkers. In addition, some similar metal–formate framework 
materials are known, which are also composed of A+, B2+ and HCOO– linkers, and crystallize with 1D 
hexagonal channels in their structures. These materials are also fascinating because they can exhibit a 
magnetic ordering and a ferroelectric behavior like the formate-based OIHPs.99,100 In order to tune 
their solid-state properties more precisely, however, we should investigate the correlations among the 
features of building blocks, framework structure and properties in more detail, because a possibility 
of polymorphism makes us concern mixed polymorphic products, which may interfere the intrinsic 
properties. Indeed, hydroxylammonium (NH3OH+) and hydrazinium (NH3NH2+) derivatives, both of 
which have the TF of ~0.81, can yield chiral structures with a hexagonal channel (Figure 1-14) instead 
of the perovskite architecture. Strictly speaking, all of the NH3OH+ derivatives are known to have the 
chiral structures,100 and the structural motifs of the NH3NH2+ derivatives depend on the B2+ ion 
species.85 In the literatures, the authors did not approach crucial insights into the formation of non-
perovskite structures. But it was shown that each structural motif exhibited the different properties, 
such as the thermal stability and the dielectric characteristics.91 Thus, it is obviously important to get 
deeper insights into the formate-based OIHPs from the viewpoint of crystal chemistry. 
Besides, from the viewpoint of controlling solid-state properties, there can be assumed 
several ways; two of the most famous and strongest methods is the partial replacements of A+, B2+ and 
X– moieties, i.e. solid solution approach, and the defect engineering, both of which have been 
intensively attempted to the perovskite oxides. In the case of the formate-baesd OIHP, indeed, Gao et 
al. reported a series of B-site solid solution, [CH3NH3]Mn1–xZnx(HCOO)3, which exhibited a drop of 
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TN with an increase in x, due to a suppression of the long-range magnetic ordering by replacing 
paramagnetic Mn2+ with diamagnetic Zn2+ ions.101 Furthermore, the same research group recently 
reported a continuous control of the paraelectric–ferroelectric phase transition temperatures by 
replacing A+-site cation.102 Besides for the defect engineering focusing on the X– linker, to my best 
knowledge, no significant findings have been reported on the formate-based OIHPs; however, in the 
case of the lead halides, an improvement of the charge transport ability was succeeded by filling the 
naturally formed iodide defects with the chloride ions.78 
 
 
Figure 1-14. Representative top view of a hexagonal channel.100 C, black; Mn, green; N, blue; O, red. 
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1. 7. Research subject 
 Solid-state chemistry, in particular, crystal chemistry and the related properties, is one of the 
most important issues in the natural science, and moreover, it should play a striking role for further 
development of technology. Hence, it will be quite important to clarify crystal structures, and the 
structural and electronic features for creating novel materials and the practical application. In the solely 
inorganic materials, powerful theories to predict the most stable packing structures have been 
established by Goldschmidt/Pauling/Zintl and Baur.74,103–106 Thus, one can expect the properties on 
the basis of the predicted crystal structures. On the other hand, in the purely organic materials and the 
organic–inorganic hybrids, effective theories to predict the crystal structures have never been 
established due to the increased complexity of bonding interactions, such as intermolecular interaction 
and hydrogen bonds. Therefore, for these materials, it is required to develop theories to predict the 
crystal structures based on the chemical quantum calculation and an experimental database of 
materials. According to this idea, in this thesis, two families of hybrid materials, the MX-chains and 
the formate-based OIHPs, were investigated from the viewpoints of crystal chemistry and solid-state 
property. Indeed, most of the attention was paid to control the crystal structures and solid-state 
properties, and to get insights into the structure–property correlation. 
 Besides for MX-chains, a variety of combinations among M, X, L and Y can widely tune 
the packing structures, causing obvious differences in their characteristics, such as optical and 
electrical properties, even in the chains composed of the same M and X species. In addition, it will be 
possible to realize an extreme tuning of the electronic state and the novel functionalities by utilizing 
not only ionic interaction but also additional effects, as illustrated with PdBrSucCn.62 Hence, 
syntheses of MX-chains were performed by using new counterions. In fact, two strategies are shown. 
Firstly, the charge bistability of MX-chains, which had been at first reported in PdBrSucCn, was 
extended to more applied viewpoints. Actually, new families of counterions were synthesized to 
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change the MV–AV phase transition point from the original one with SucCn–. In other words, the best 
structure of counterion, which formed the suitable packing structure, was explored. Following this 
strategy, I targeted a synthesis of the Pd MX-chain compound in an AV state at room T, which would 
exhibit an optical switching behavior near room T. Furthermore, from the viewpoint of practical 
application, the MX-chain compounds should be investigated beyond the conventional studying ways 
using a single crystal. That is, it is highly desired to establish the thin-film materials for optical 
applications. Indeed, I succeeded in fabricating a thin film composed of a Pd MX-chain, which was in 
an AV state at room T in both a crystalline and a thin-film states. 
 On the other hand, recent trend in the research on MX-chains is aiming at the AV states of 
Pd and Pt MX-chains by making the M–M distances closer and closer. In contrast, what happens if the 
M–M distance is elongated? From the electronic viewpoint, an interaction between the neighboring M 
sites is surely weakened, which is regarded as a decrease in t, furthermore making ξ approach 1. As 
shown in Figure 1-7c, the MX-chain compound which has the largest ξ value is 
[Pt(chxn)2][Pt(chxn)2Cl2](ClO4)4; however, the ξ in this Pt compound has not been quantified, and the 
further MX-chains with larger ξ will be fundamentally interesting as one of them may lie at the 
negative limit of MX-chain. I therefore tried to synthesize new MX-chains for the negative limit by 
utilizing large counterion. 
 Besides for the formate-based dense MOFs, their structural, magnetic, dielectric and 
mechanical properties can be varied depending on the combination of A+ and B2+ as shown in many 
reports. Moreover, as Gao and co-workers have reported, mixing different A+ or B2+ species in one 
material at arbitrary ratios can precisely control the solid-state properties.101,102 A coexistence of a few 
A+ cations with difference dipole moments, for instance, may tune the bulk polarization. In this thesis, 
the tuning of mechanical properties in an A+-site solid solution based on a formate-based OIHP was 
especially subjected to the research purpose. 
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 In the field of solid-state science, polymorphism, i.e. the existence of different structural 
motifs with the same components, is also interesting as it may give us some opportunities to develop 
new materials. As already mentioned, several AB(HCOO)3-type materials with the intermediate TF 
values (~0.8) are known to form either a perovskite-like structure or a chiral one with hexagonal 
channels depending on A+ and B2+. Although nobody have reported polymorphism in the formate-
based hybrid materials, such structural diversity reminds us that a particular synthetic route may 
produce the polymorphs. A theoretical study by our collaborators indeed predicted the polymorphism 
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1. 8. Outline 
 This thesis is composed of six chapters. As shown above, in Chapter 1, the importance of 
researches on solid-state chemistry, coordination polymers, etc. were introduced at the beginning, and 
later, the background and purpose of this thesis were mentioned. From the next chapter; Chapter 2 and 
3, and Chapter 4 and 5 will focus on MX-chains and the formate-based hybrid materials, respectively. 
Finally, Chapter 6 will summarize the results of this thesis. 
 In Chapter 2, the attractive chemical pressure strategy on Pd(III) MX-chains in the AV state 
are extended to investigate the influence of the skeletons of counterions (sulfon-substituted 
dicarboxylic acids) on resulting crystal packing structures. On this aim, the main points are 1) the 
possibility of an AV state by using non-SucCn– counterions and 2) the variation of the AV–MV 
transition temperatures compared from PdBrSucCn. In particular, it was succeeded to synthesize the 
analogous Pd MX-chain compounds which consist of dialkyl α-sulfomalonates as counterions and to 
analyze the crystal structures and electronic states of some of them. Consequently, they were clarified 
to undergo the AV–MV conversion at more increased temperatures by ~45 K than those of 
PdBrSucCn with the same n. Furthermore, some of them could be dispersed in organic media, e.g. 
chloroform in this study, owing to the hydrophobic nature of long alkyl chains. An investigation by 
means of transmission electron microscope revealed a formation of nanocrystals. A hybrid thin film 
with transparent organic polymer was successfully succeeded, which exhibited the similar optical 
absorption property with the single crystalline state. 
 In Chapter 3, syntheses and characterizations of new MX-chains, in which a perrhenate ion 
(ReO4–) was used as counterion, will be described. In principle, this way was expected to elongate the 
intrachain M–M distance because of the isostructural nature to perchlorate ion (ClO4–) with larger 
effective ionic radius. Indeed, the ReO4– derivatives of Pd–Br, Pt–Br and Pt–I MX-chains were 
crystallized, all of which had the longest M–M distances among the reported materials. Thermal 
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analyses revealed their phase transitions at high temperature, and a polymorphic form was found for 
Pd–Br system, which was confirmed by single-crystal X-ray structure analysis. 
 Chapter 4 and 5 will summarize the joint researches with A. K. Cheetham group in the 
University of Cambridge, where I visited for three months during my Ph.D. period. 
 In Chapter 4, synthesis of A-site solid solution, [NH3NH2]1–x[NH3OH]xZn(HCOO)3, and the 
x variations of the structure and the characteristic phase transition temperature in the ABX3-type hybrid 
perovskite will be shown. Moreover, their mechanical properties, i.e. Young’s moduli and hardness, 
could be tuned by changing the composition due to the different natures of A cations, which was 
revealed by nanoindentation measurement. 
 In Chapter 5, a polymorphism in an ABX3-type hybrid material, [NH3NH2]Zn(HCOO)3, will 
be presented, for the first time. At the beginning of this chapter, the theoretical results by our 
collaborators will be briefly introduced, and then the actual synthesis of the polymorphic material and 
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1. 9. Methods 
 For the researches in this thesis, all chemicals and solvents were purchased from Wako, TCI, 
Aldrich, Fischer, Sigma, Across, Soekawa Chemical Co. Ltd. (Japan) and Mitsuwa Chemical Co. Ltd. 
(Japan), and used without further purification. Measurement methods are briefly summarized below, 
while more detailed information will be given again in the respective chapters. 
 
 Single crystal X-ray diffraction (SXRD). Single crystal structures were determined on 
two experimental setups dependent on the research subjects. For 1D CPs (MX-chains, studied at 
Tohoku University), a Bruker APEX II CCD diffractometer with graphitemonochrometed Mo Kα 
radiation (λ = 0.7107 Å) was used for measurements. The initial structures were given by direct method, 
and the refinements were performed using the least squares methods using the SHELX program107 
within the Yadokari-XG 2009 interface.108 For 3D CPs (the formate-based organic–inorganic hybrids), 
measurements were carried out on an Oxford Diffraction Gemini A Ultra X-ray diffractometer with 
Mo Kα radiation (λ = 0.7107 Å). The structures were solved by direct method, and then refined by the 
least squares method on the SHELX program107 within the Olex2 interface.109 In both systems, the 
data at low temperatures were collected under nitrogen flow. Detailed will be mentioned in each 
chapter. 
 
 Powder X-ray diffraction (PXRD). PXRD measurements were carried out on a Bruker 
D2 PHASER or a Bruker D8 Advance powder diffractometer with Cu Kα (λ = 1.5402 Å) radiation. 
All measurements were performed at room temperature. Further details and the analyzing method will 
be described in following chapters. 
 
 Solution-state 1H nuclear magnetic resonance (NMR) spectroscopy. 1H NMR spectra 
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were measured on a Bruker Avance 500 500 MHz Nuclear Magnetic Resonance Spectrometer. 
Tetramethylsilane (TMS) was used as an internal standard (δ = 0.00). 
 
 Electrospray ionization time-of-flight mass (ESI-TOF-MS) spectroscopy. High-
resolution ESI-TOF-MS spectra were acquired on Waters Xevo G2 Tof. Calibration was carried out 
using a sodium formate solution at each measurement. 
 
 Ultraviolet–visible–near infrared (UV–Vis–NIR) spectroscopy. UV-Vis-NIR spectra 
were measured on Shimadzu UV-3100. Diffuse reflectance spectra were recorded on the same 
equipment to which an integration sphere was equipped. More detailed information will be presented 
in each chapter. 
 
 Infrared (IR) spectroscopy. Attenuated total reflection (ATR) Fourier transform (FT) IR 
spectra were measured on JASCO FT/IR-4200 with a ZnSe prism. Polarized microscope FT IR spectra 
were measured on JASCO FT/IR-6200YMS combined with JASCO infrared microscope ITR-5000. 
Although all IR spectra in this thesis were acquired as FT IR ones, they will be hereafter abbreviated 
as IR spectra for clarity. 
 
 Thermal analyses. Thermogravimetry/differential thermal analyses (TG/DTA) data were 
acquired on a Shimadzu DTG-60H under nitrogen atmosphere. Differential scanning calorimetry 
(DSC) measurements were carried out on Shimadzu DSC-60 Plus under nitrogen atmosphere. α-
Alumina was used as a reference standard for all measurements. The detailed measurement conditions 
will be described in each chapter. 
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 Spin coating. Thin film fabrication shown in Chapter 2 was carried out by using a Mikasa 
1H-D7 spincoater. A detailed procedure will be presented in Chapter 2. 
 
 Electrical resistivity measurement. Electrical resistivity measurements shown in 
Chapter 2 were carried out using a Keithley 2601 sourcemeter. Two-probe method was employed for 
the measurements, where gold wires were attached to the crystal by using carbon paste dispersed in 
diethyl succinate. A sample pack, to which the samples were already mounted, was loaded to the 
sample space of a Quantum Design Physical Property Measurement System (PPMS) at room 
temperature. With vacuuming continuously, temperature was rapidly lowered (typically down to 100 
K) with a rate of 20 K min–1 to exclude any extrinsic influences, such as a sample deterioration due to 
removal of crystallization waters. Under sweeping temperature at a heating rate of 1.0 K min–1, the 
resistance was recorded at each 0.2 K with an excitation voltage of 1.0 V. Further information will be 
mentioned in Chapter 2. 
 
 Electron spin resonance (ESR) spectroscopy. The ESR spectra shown in Chapter 2 were 
measured by Prof. Dr. Shin-ichi Kuroda and Dr. Hisaaki Tanaka at Nagoya University. They used a 
Bruker EMX spectrometer equipped with a gas-flow type cryostat Oxford ESR 900. CuSO4·5H2O was 
used as an external standard for quantifying the molar spin susceptibility. Detailed method will be 
shown in Chapter 2. 
 
 Polarized Raman spectroscopy. Polarized Raman spectra shown in Chapter 2 were 
measured at the University of Tokyo under a supervision of Prof. Dr. Hiroshi Okamoto. The spectra 
were measured on a Renishaw Raman spectrometer. Excitation and detection lights were parallel to 
the chain direction (the longest axis) of each crystal. 
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 Polarized reflectivity spectroscopy. Polarized reflectivity spectra were also measured at 
the University of Tokyo under a supervision of Prof. Dr. Hiroshi Okamoto. Measurements were 
performed by using a specially designed spectrometer with a 25 cm grating monochromator and an 
optical microscope. The reflectivity spectra were converted to the optical conductivity spectra by using 
Kramers–Krönig transformation.110 
 
 Tunneling electron microscope (TEM). TEM experiment shown in Chapter 2 was 
performed on EOL JEM2100F with an acceleration voltage of 200 kV. This measurement was kindly 
supported by Dr. Takamichi Miyazaki at Graduate School of Engineering, Tohoku University. 
 
 Complex dielectric measurement. Complex dielectric measurement shown in Chapter 4 
was carried out with a kind help of Prof. Dr. Hitoshi Miyasaka and Dr. Wataru Kosaka at Tohoku 
University. Dielectric constants in the 0.1−10 kHz frequency range were measured using an Andeen–
Hagerling 2700A capacitance bridge with input voltage amplitude ranging from 0.2 to 15 V (the 
suitable voltage was automatically selected by the instrument). A powder sample (5–10 mg) was 
compressed into a pellet with a diameter of 10 mm and a thickness of ∼0.1 mm and placed between 
two stainless plates to create a parallel-plate capacitor, to which gold wires were attached using gold 
paste. Measurement was carried out in 100 kPa of helium atmosphere. 
 
 Nanoindentation. Nanoindentation was performed by using MTS Nanoindenter○R  XP 
(MTS Corp., Eden Prairie, MN). Measurements were carried out at room temperature, and an isolation 
cabinet was equipped so as to minimize thermal instability and acoustic interference. A three-sided, 
sharp pyramidal Berkovich diamond tip with a tip radius of ~100 nm was employed. Mechanical 
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responses were deduced based on the method established by Oliver and Pharr.111,112 Further details 
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1. 10. List of abbreviations and physical constants used in this thesis 
CP: coordination polymer 
MOF: metal–organic framework 
MX-chains: quasi-one-dimensional halogen-bridged metal complexes 
MV: mixed valence 
AV: averaged valence 
OIHP: organic–inorganic hybrid perovskite 
CT: charge-transfer 
TF: tolerance factor 
ECT: optical gap 
TC: phase transition temperature 
VT: variable-temperature 
CDW: charge-density-wave 
IVCT: intervalence charge-transfer 
SXRD: single-crystal X-ray diffraction 
PXRD: powder X-ray diffraction 
NMR: nuclear magnetic resonance 
ESI–TOF–MS: electrospray–time-of-flight–mass spectrometry 
UV–Vis–NIR: ultraviolet–visible–near infrared 
ATR FT-IR: attenuated total reflection Fourier transformation infrared 
TG/DTA: thermogravimetry/differential thermal analysis 
DSC: differential scanning calorimetry 
ESR: electron spin resonance 
TEM: tunneling electron microscope 
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en: ethylenediamine (= 1,2-diaminoethane) 
chxn: 1R,2R-cyclohexanediamine (= 1R,2R-diaminocyclohexane) 
SucCn–: dialkyl sulfosuccinate 
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2. 1. Beginning remarks 
The results presented here are in parts an adapted reproduction from S. Kuamgai, S. Takaishi, 
M. Yamashita et al., Chem Commun. 2014, 50, 8382–8384,1 and Dalton Trans. 2015, 44, 8590–8599.2 
 
2. 2. Chapter introduction 
 The report by Takaishi et al. in 2008, which described the first example of single-component 
charge-bistable Pd MX-chain,3 motivated researchers to investigate the fundamental features and 
advanced optical properties of the Pd(III) MH state, and charge dynamics accompanied by the 
Pd(II,IV) MV–Pd(III) AV transition, etc. Indeed, Matsuzaki et al. demonstrated an excitation-photon-
energy-selective ultrafast photoconversions from AV to metal and from AV to MV state in 
PdBrSucC5.4 Such property is considered to be promising for constructing optical computers.5 
Therefore, it is quite fascinating to create and investigate the Pd(III) MX-chains in an AV state from 
the fundamental and advanced viewpoints. In reality, one of the simplest question is “how to control 
the MV–AV transition temperature, TC.” Although a chemical pressure approach using amphiphilic 
counterions was demonstrated to be promising, it is still challenging to create the Pd(III) MX-chains 
in an AV state. As well, a development in the library of Pd(III) MX-chain should be useful to further 
understand the fundamental properties of the Pd(III) AV state. In this chapter, I am going to report the 
syntheses and characterizations of some Pd MX-chains having amphiphilic counterions to control the 
TC by applying a perturbation to the environment surrounding the [Pd(en)2Br]∞ chain, originating from 
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2. 3. Design of counterions 
In the previous work, 2-sulfosuccinate (SucCn–) was used for the counterion to form a Pd MX-chain, 
[Pd(en)2Br](SucCn)2·H2O (PdBrSucCn).3 For simple modifications, two points could be possible: 
varying a structure of dicarboxylic-acid core and a property of alkyl chains. Here will be shown the 
former way: two amphiphilic ions were utilized for fabricating new Pd MX-chains. In Figure 2-1, 
chemical structures and abbreviations of the counterions I have attempted are illustrated. 
 
 
Figure 2-1. Chemical structures and abbreviations of counterions studied. 
 
 
 Now, an expected influence caused by the different chemical skeleton of counterions is 
briefly discussed. Among the MX-chains, it is well-known that hydrogen-bond (HB) networks are 
formed among the equatorial ligands, counterions and crystallization solvents (if included). Even 
though the chemical pressure between alkyl chains was the driving force of shrinking the Pd–Br chains, 
such process should be mediated by the HB contacts between amino NH2 of en ligands and sulfonate 
oxygen of SucCn–. Therefore, it is expected that a modification of dicarboxylic-acid skeleton of the 
couterion from sulfosuccinate to another template would change the HB networks, leading to a 
structural perturbation to the Pd–Br chain moiety. From such viewpoint, a systematic change of the 
length of dicarboxylate should be straightforward. 
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2. 4. Syntheses of counterions 
 Synthetic schemes of sodium salts of the counterions studied in this work is shown in 
Scheme 2-1. The details will be shown below. 
 
 
Scheme 2-1. Synthetic schemes of new counterions. 
 
 
 2. 4. 1. Dialkyl α-sulfomalonate sodium salts, Na(MalCn). 
 Dialkyl malonate (2Cn). A series of dialkyl malonate was prepared by conventional Fischer 
esterification. Malonic acid (1), respective alcohol (2–3 equiv.), a few drops of conc.H2SO4 were 
mixed in toluene, and subjected to stir under reflux in a flask to which Dean-Stark apparatus was 
attached to remove the produced water. After x hours, the resultant solution was cooled down to room 
T, and solvent was removed under reduced pressure. The oily residue was dissolved in diethyl ether, 
washed with NaHCO3 aq. to neutralize. Organic layer was collected and dried over MgSO4, yielding 
the respective dialkyl malonate after removal of diethyl ether under reduced pressure. Yield 50–90%. 
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The products were confirmed by 1H NMR spectra and ESI–MS. 
 
Dialkyl α-sulfomalonate sodium salt, Na(MalCn). A series of dialkyl α-sulfomalonate, 
Na(MalCn), was synthesized according to literature6 with some modification. The representative 
procedure for Na(MalC7) is shown below. 
 
Diheptyl α-sulfomalonate sodium salt, Na(MalC7). Diheptyl malonate (6.65 g, 22.1 
mmol) was dissolved into dehydrated dichloromethane (20 ml) under N2 atmosphere. The resulting 
solution was cooled in ice bath, then added 1.48 ml (2.59 g, 22.2 mmol) of chlorosulfonic acid with 
stirring. After stirred in ice bath for 30 min, pale yellow solution was refluxed for 2 h under N2. 
Removal of solvent under reduced pressure yielded pale yellow oily liquid. It was dissolved into 50 
ml of the mixture of ethanol and water (1/4 (v/v)), added 1.93 g (23.0 mmol) of sodium bicarbonate, 
and then stirred for 30 min. Resulting solution (pH  7) was evaporated and dried in vacuo, affording 
pale yellow solid (7.97 g, 19.8 mmol, 90% based on diheptyl malonate): 1H NMR (500 MHz, DMSO-
d6) δ 0.86 (t, J = 6.9 Hz, 6H, CH3), 1.181.35 (m, 16H, C2H4C4H8CH3), 1.54 (m, J = 6.9 Hz, 4H, 
CH2CH2C5H11), 4.02 (t, J = 6.6 Hz, 4H, COOCH2), 4.39 (s, 1H, CHSO3); ESI-MS (positive) m/z calcd 
for C17H31O7SNa2 [M+Na]+ 425.1586, found 425.1620, (negative) m/z calcd for C17H31O7S [MNa] 
379.1790, found 379.1796; Anal Calcd for C17H31O7SNa: C, 50.73; H, 7.76. Found: C, 47.596; H, 
7.650. 
†From the 1H NMR spectrum, a remaining signal assignable to the α position of 2C7 is visible. 
Therefore, the solfonation reaction is not perfect, probably due to the purity of HSO3Cl. However, the 
ratio MalC7–:2C7 is approximately 1:0.25, which seems to do not matter to use for crystallization of 
MX-chains. Thus further purification was not performed. 
 
- 53 - 
 
 
Figure 2-2. 1H NMR spectrum of Na(MalC7) (DMSO-d6). 2C7 coexists. 
 
 
2C4. [#13-16] Colorless liquid in 83% yield. 1H NMR (500 MHz, CDCl3)  0.94 (t, J = 7.5 Hz, 6H), 
1.39 (dq, J = 7.4 Hz, 4H), 1.63 (m, 4H), 3.37 (s, 2H), 4.15 (t, J = 6.7 Hz, 4H). 
 
Na(MalC4). [#13-17] Pale yellow gel-like liquid in 77% yield based on 2C4. 
 
2C5. [#13-24] Colorless liquid in 92% yield. 1H NMR (500 MHz, CDCl3)  0.83 (t, J = 6.4 
Hz, 6H), 1.27 (m, 8H), 1.57 (m, 4H), 3.29 (s, 2H), 4.06 (t, J = 6.7 Hz, 4H). 
 
Na(MalC5). [#13-24] Pale yellow solid. 85% yield based on 2C5. 
 
2C6. [#13-11] Colorless liquid in 90% yield (97% purity). 1H NMR (500 MHz, CDCl3)  
0.89 (t, J = 6.9 Hz, 6H), 1.35 (m, 12H), 1.64 (m, 4H), 3.37 (s, 2H), 4.14 (t, J = 6.7 Hz, 4H). 
 
Na(MalC6). [#13-11] Pale yellow sticky solid. 75% yield based on malonic acid in two steps. 
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2C8. [#13-29] Pale yellow liquid in 88% yield. 1H NMR (500 MHz, CDCl3)  0.88 (t, J = 
6.6 Hz, 6H), 1.29 (m, 20H), 1.63 (m, 4H), 3.36 (s, 2H), 4.14 (t, J = 6.7 Hz, 4H). 
 
Na(MalC8). [#13-32] White solid. 90% yield based on 2C8. 
 
2C9. [#13-38] Colorless liquid in 55% yield. 1H NMR (500 MHz, CDCl3)  0.88 (t, J = 6.9 
Hz, 6H), 1.27 (m, 24H), 1.64 (quin, J = 6.9 Hz, 4H), 3.36 (s, 2H), 4.14 (t, J = 6.7 Hz, 4H). 
 
Na(MalC9). [#13-38] Pale yellow solid. 87% yield based on 2C9. 
 
2C12. [#13-27] Colorless powder in 94% yield. 1H NMR (500 MHz, CDCl3)  0.88 (t, J = 
6.9 Hz, 6H), 1.26 (m, 38H), 1.64 (quin, J = 6.9 Hz, 4H), 3.36 (s, 2H), 4.13 (t, J = 6.7 Hz, 4H). 
 
Na(MalC12). [#13-34] Colorless powder in 92% yield based on 2C12. 1H NMR (500 MHz, 
DMSO-d6)  0.85 (t, J = 6.9 Hz, 6H), 1.151.40 (m, 16H), 1.53 (m, J = 6.9 Hz, 4H), 4.005 (t, J = 6.5 
Hz, 2H), 4.008 (s, 2H), 4.35 (s, 1H); ESI-MS (positive) m/z calcd for C27H51O7SNa2 [M+Na]+ 
565.3151, found 565.3152, (negative) m/z calcd for C27H51O7S [MNa] 519.3346, found 519.3356; 
Anal Calcd for C27H51O7SNa: C, 59.75; H, 9.47. Found: C, 54.852; H, 9.478. 
 
 
 2. 4. 2. Dialkyl 2-sulfoglutarate sodium salts, Na(GluCn). 
 (S)-(–)-2-bromoglutaric acid (4). 4 was prepared according to the similar method for (S)-
(–)-2-bromosuccinic acid with modification.7 Typically (#12-70), 22.40 g of L-asparatic acid (0.152 
mol) and 54.54 g of NaBr (0.530 mol) were dissolved in 2 M of aqueous HBr solution (250 ml). To 
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the solution was added NaNO2 (22.05 g; 0.32 mol) solution in water 90 ml over a period of 2.5 h in 
portion with stirring in NaCl-ice bath (caution: toxic NO2 gas is evolved!). After addition of NaNO2 
completed, the reaction mixture was continued to stir for 1 h and naturally warmed up. To a yellow 
solution was added conc.H2SO4 (10 ml), and then extracted with diethyl ether 4  100 mL. The 
combined organic phase (deep yellow) was washed with 150 mL of brine, and dried over MgSO4. 
After removal of the solvent, yellow oily residue was obtained. 10.07 g (0.047 mol if pure); yield 31%. 
1H NMR (500 MHz, CDCl3)  2.27–2.35, 2.90–2.46 (m, 2H, CHBrCH2CH2), 2.58–2.69 (m, 2H, 
CH2CH2COOH), 4.43 (dd, 3JHH = 8.1 Hz, 3JHH = 6.0 Hz, 1H, CHBr), 10.50 (br. s, 2H, COOH). An 
additional signal at 2.21 ppm (s, 3.5H) is not identified. 
 
 
Figure 2-3. 1H NMR spectrum of crude 4 (CDCl3). 
  
 
Dinonyl (S)-(–)-2-bromoglutarate (5C9). [#12-79] 5C9 and the analogous compounds can 
be prepared by Fischer esterification by using a Dean–Stark apparatus. For 5C9; 1.325 g of 4 (6.3 
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mmol), 2.59 g of 1-nonanol (18.0 mmol) and 10 drops of conc.H2SO4 were mixed in 30 mL of toluene, 
which was subjected to reflux using a Dean–Stark apparatus for 7 hrs. After cooling to room 
temperature, the solvent was removed under reduced pressure, affording dark brown liquid. 100 mL 
of ether was added, and the organic layer was washed with 100 mL of 5% NaHCO3 and 100 mL of 
brine. The pale yellow organic phase was dried over MgSO4 and the solvent was removed under 
reduced pressure. The pale yellow liquid residue was purified by column chromatography (silica; 
hexane–AcOEt (9:1)). 2.87 g of yellow liquid (6.19 mmol, 98%). 
 
Didodecyl (S)-(–)-2-bromoglutarate (5C12). [#15-222] 0.232 g of crude 4 (70% pure; 0.77 
mmol), 0.437 g of 1-dodecyl alcohol (2.34 mmol) and 0.039 g (0.20 mmol) of p-toluenesulfonic acid 
monohydrate were mixed in 30 mL of toluene, to the flask was attached a Dean–Stark apparatus. They 
were subjected to reflux (oil bath temperature was set at 132 °C) for 9 hours, during the reaction the 
produced water was removed sequentially. The resultant solution was cooled down to room T, then 
poured into aqueous 5% NaHCO3 solution to neutralize. Organic layer was extracted with diethyl ether 
(50 mL), washed with brine 30 mL, dried over MgSO4, and then the solvent was removed under 
reduced pressure, affording yellow oily liquid. The obtained yellow liquid was purified by column 
chromatography (hexane–ethyl acetate (30:1), Rf = 0.4), yielding 0.18 g of 5C12 (0.34 mmol) as 
colorless liquid. The liquid material was solidified after stored at room T for a few days. Yield; 44% 
based on 4. 1H NMR (500 MHz, CDCl3)  0.81 (t, J = 6.9 Hz, 6H, CHBr), 1.121.36 (m, 36H, 
COOC2H4C9H18CH3), 1.52–1.62 (m, 4H, COOCH2CH2C10H21), 2.17–2.35 (m, 2H, CHBrCH2CH2), 
2.42–2.46 (m, 2H, CHBrCH2CH2), 4.01 (t, J = 6.7 Hz, 2H, CH2COOCH2C11H23), 4.05–4.14 (m, 2H, 
CHBrCOOCH2C11H23), 4.29 (dd, 3JHH = 8.4 Hz, 3JHH = 6.0 Hz, 1H, CHBr). Absolute chiral purity was 
not confirmed. 
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Figure 2-4. 1H NMR spectrum of 5C12 (CDCl3). 
 
 
Dinonyl 2-sulfoglutarate sodium salt (Na(GluC9)). [#12-81] To 2.70 g of crude 5C9 (5.84 
mmol) was added 20 mL of water, 1.47 g of Na2SO3 (11.7 mmol) and 0.20 g of TBAHS (0.6 mmol). 
The mixture was subjected to be heated in the oil bath set at 150 C for 1 day. To the resulting colorless 
sticky liquid was added 5 mL of conc.HCl, and it was stirred for 1 h. The organic phase was extracted 
with 3  20 mL. Combined organic phase was dried over MgSO4, and the solvent was removed under 
reduced pressure, affording 1.96 g of yellow oily liquid. 20 mL of water–ethanol mixture (1:1 (v/v)) 
was added, subsequently 0.16 g (4.0 mmol) of NaOH was added. During this neutralization process, 
pH turned from ~1 into ~9. Removal of solvent under vacuum at 280 C yielded 1.44 g of pale brown 
gel (3.0 mmol). Yield 50% based on 5C9. 
 
- 58 - 
 
 
Figure 2-5. 1H NMR spectrum of Na(GluC9) (DMSO-d6). 
 
 
 1,5-bis(dodecyloxy)-1,5-dioxopentane-2-sulfonic acid (H(GluC12)). [#15-231] To 0.18 g 
of 5C12 (0.34 mmol) was added 0.223 g of Na2SO3 (1.77 mmol), 11 mg of TBAHS (0.03 mmol), 10 
mL of water and 3 mL of toluene were added. The mixture was refluxed in an oil bath set at 150 C 
for 26 hrs. After cooling to room temperature, a phase-separated colorless solution was obtained. 2 
mL of conc.HCl was added and the mixture was stirred for 2 hrs. The organic phase was extracted 
with ether (3  30 mL), and the colorless solution was dried over MgSO4. Removing solvent under 
reduced pressure afforded 1.71 g (0.31 mmol; 91% based on 5C12) of colorless oil, which turned to 
colorless solid after a while. 
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Figure 2-6. 1H NMR spectrum of H(GluC12) (CDCl3). 
 
 
2. 5. Syntheses of metal complexes 
 Since bulky conterions were utilized, a less steric Pd(en)2 unit was attempted as the previous 
work.3 
 
 2. 5. 1. Discrete complexes for starting material 
[Pd(en)2]Br2. To a suspension of PdBr2 (2.19 g; 8.2 mmol) in 40 ml of water was added 
excess amount of ethylenediamine (2 ml; 30 mmol), and stirred on a hot stirrer. Black suspension was 
initially turned to orange one, and finally pale yellow solution was afforded. After stirring for 3 hours, 
the resulting solution was filtered, and the solvent was removed under reduced pressure. Colorless 
solid residue was dissolved in small amount of water (~5 ml), then excess acetone (>200 ml) was 
slowly added, affording colorless precipitate, which was collected by suction filtration, washed with 
acetone, and dried in vacuo. Colorless solid (3.07 g; 8.0 mmol; 96%). 
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[Pt(en)2]Br2. Ground powder of PtBr2 was suspended in water, followed by addition of 
excess amount of ethylenediamine (en). The resulting brown suspension was heated and stirred for 3 
h, affording colorless solution. The solution was then filtered to exclude insoluble solids, and filtrate 
was concentrated under reduced pressure. White solid residue was dissolved in a small amount of 
water, and excess amount of acetone was slowly added to form white precipitate (rapid addition may 
produce tiny particles, which are a bit hard to filter). It was collected by suction filtration, washed with 
acetone, and dried in vacuo, yielding white powder in high yield. 
 
 [PtBr2(en)2]Br2. [Pt(en)2]Br2 was dissolved in a mixture of HBr (8 ml) and 30% H2O2 (5 
ml), then stirred under heating for 2 hrs. Insoluble solids were removed by filtration, and the filtrate 
was dried under reduced pressure. Yellow solid residue was dissolved in a small amount of water, 
followed by an addition of excess amount of acetone, affording precipitate. It was washed with acetone 
and dried in vacuo, yielding yellow powder. 
 
 Furthermore, a series of [Pd(en)2Br](SucCn)2·H2O (PdBrSucCn) were prepared according 
to the literature.3 
 
 2. 5. 2. [Pd(en)2Br](MalCn)·H2O (PdBrMalCn) 
[Pd(en)2Br](MalC4)2·H2O (PdBrMalC4). Single crystal growth has been unsuccessful so 
far. For a preparation of polycrystalline (powder) solids, 40 mg (0.10 mmol) [Pd(en)2]Br2 and 0.67 g 
of Na(MalC4) (0.20 mmol) was dissolved in 1.0 mL of water, to which was then passed gaseous 
bromine. Black precipitate was immediately formed, which was collected by suction filtration. 
 
 [Pd(en)2Br](MalC5)2·H2O (PdBrMalC5). [2015/3/4, no. 1] 19 mg of [Pd(en)2]Br2 (0.049 
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mmol) and 37 mg of Na(MalC5) (0.106 mmol) was dissolved in a mixture of water (1.5 mL) and 
methanol (0.8 mL). Slow diffusion of bromine from 1,4-dioxane at 20 °C afforded black thin plate-
shape crystals. 
 
 [Pd(en)2Br](MalC6)2·H2O (PdBrMalC6). [#15-133-4] 12 mg of [Pd(en)2]Br2 (0.031 
mmol) and 23 mg of Na(MalC6) (0.062 mmol) was dissolved in water–methanol (1.5 mL; 1:1 (v/v)). 
Slow diffusion of bromine from 1,4-dioxane at 25 °C afforded black thin plate-shape crystals after 12 
hrs. 
 
[Pd(en)2Br](MalC7)2·H2O (PdBrMalC7). [#13-78] [Pd(en)2]Br2 (9 mg, 0.023 mmol) and 
Na(MalC7) (22 mg, 0.053 mmol) were dissolved into water–methanol (2.4 mL; 1:3 (v/v)). Slow 
diffusion of Br2 vapor into the solution at 25 °C yielded black thin plate-shape crystal next day. Anal. 
Calcd for C38H80BrN4O15PdS2: C, 42.12; H, 7.44; N, 5.17. Found: C, 42.019; H, 7.348; N, 5.208. 
 
[Pd(en)2Br](MalC12)2·H2O (PdBrMalC12). Single crystal growth has been unsuccessful 
so far. For a preparation of microcrystalline solids, [Pd(en)2]Br2 (60 mg, 0.16 mmol) and Na(MalC12) 
(160 mg, 0.30 mmol) were suspended in water–THF (10 mL; 4:1 (v/v)). A drop of Br2 was added into 
the white suspension with stirring, yielding black precipitate. The precipitate was collected by suction 
filter, then washed with large amount of distilled water. After dried in vacuo, 174 mg of black powder 
was obtained (87% yield based on Na(MalC12): Anal. Calcd for C58H120BrN4O15PdS2: C, 51.07; H, 
8.87; N, 4.11. Found: C, 51.129; H, 8.765; N, 4.047. 
 
2. 5. 3. [Pt(en)2Br](MalCn)·H2O (PdBrMalCn) 
 [Pt(en)2Br](MalC6)2·H2O (PtBrMalC6). [Pt(en)2]Br2 (2.8 mg; 6 μmol) and [PtBr2(en)2] 
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(3.8 mg; 6μmol) were dissolved in 1.2 mL of water in a straight tube. Water–methanol mixed solvent 
(2:1 (v/v)) was carefully layered on the aqueous solution, onto which was further layered 0.6 mL of 
methanolic solution of Na(MalC6) (9.0 mg; 24 μmol). The triply layered reaction tube was stored at 
20–25 C over a week, yielding plate-shaped dark red crystals. 
 
2. 5. 4. [Pd(en)2Br](GluCn)·H2O (PdBrGluCn) 
[Pd(en)2Br](GluC9)2·H2O (PdBrGluC9). 4 mg of [Pd(en)2]Br2 (10 μmol) and 7.3 mg of 
Na(GluC9) (15 μmol) was mixed in water. Bromine was diffused into the solution, yielding 
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2. 6. Crystal structure 
 2. 6. 1. PdBrMalC6 
 For PdBrMalC6, the single-crystal X-ray diffraction (SXRD) analyses were performed at 
93, 200, 250 and 293 K. The crystal structures and crystallographic data will be shown in Figure 2-7, 
2-8 and 2-9, and Table 2-1, respectively. 
From 93 to 250 K, the crystal structures were successfully solved using triclinic P1. Pd(en)22+ moieties 
are alternately bridged by Br– ions, forming 1D chains nearly along the a-axis. MalC6– ions are stacked 
along the Pd–Br chain direction as previously confirmed in PdBrSucC5,3 indicating that MalC6– plays 
a role of chemical pressure source to shrink Pd–Br chains. Looking at the thermal factors of the carbon 
atoms in the hexyl groups, they become larger with increase in T. At 293 K, the symmetry seemed to 
transform into monoclinic Cm, whereas the refinement was not perfect. In Figure 2-10, the lattice 
parameters and cell volume are plotted as a function of T. Between 93 and 250 K, the lattice constant 
a continuously and very slightly decreases, and b, c and V continuously increases with an increase in 
T. Above 250 K, however, the crystal system seemed to change, indicating a phase transition. On the 
basis of the report on PdBrSucCn,3 this transition seems to correspond to the AV-to-MV transition. 
 According to the previous works, the electronic state of Pd–Br system can be estimated from 
the nearest-neighbor Pd···Pd distance, L.8 MV state is stabilized when L is longer than 5.26 Å, while 
AV state is preferred with L < 5.26 Å. In PdBrMalC6, L was shorter than 5.26 Å in the whole T range, 
suggesting that it is in an AV state. Interestingly, the L at 293 K is 5.185(10) Å, which is shorter than 
that estimated at lower T. Although the SXRD analysis has not been perfectly done, this phenomenon 
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Figure 2-7. ORTEP drawings of PdBrMalC6 at (a) 93 K, (b) 200 K, (c) 250 K and (d) 293 K, with 
50% probability. C, gray; Br, brown; N, blue; O, red; Pd, green; S, yellow. Hydrogen atoms are 
omitted for clarity in the all figures. 
 




Figure 2-8. Crystal packings of PdBrMalC6 at 93 K (P1) viewed along (a) the a- and (b) b-axes. C, 
gray; Br, brown; N, blue; O, red; Pd, lime; S, yellow. Hydrogen atoms are omitted for clarity. 
 
 
Figure 2-9. Crystal packings of PdBrMalC6 at 293 K (Cm) viewed along (a) the c- and (b) a-axes. C, 
gray; Br, brown; N, blue; O, red; Pd, green; S, yellow. Hydrogen atoms are omitted for clarity. 
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Table 2-1. Crystal data and structural refinement parameters for PdBrMalC6. 
PdBrMalC6 (a)† (b)‡ (c)# (d)§ 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm
–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 











































































































R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
†w = 1 / [s2(Fo2) + (0.0461P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
‡w = 1 / [s2(Fo2) + (0.0507P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
#w = 1 / [s2(Fo2) + (0.0565P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
§w = 1 / [s2(Fo2) + (0.0593P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
 






Figure 2-10. Temperature dependences of lattice constants and cell volume for PdBrMalC6, derived 
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2. 6. 2. PdBrMalC7 
 SXRD study was performed at 293 K on PdBrMalC7. The results are summarized in Figure 
2-11 and Table 2-2. In the data shown here, twin refinement was carried out. Without twin refinement, 
“R1, wR2 [I>2(I)]”, “R1, wR2 [all data]” and Flack parameter was “0.0484, 0.1183”, “0.0545, 0.1217” 
and 0.144(14), respectively, for the same crystal. I have tried SXRD measurements on some crystals; 
Flack parameter varies dependent on the crystal measured. 
The 1D chain feature, packing motif and the other structural characters were very similar to those of 
PdBrMalC6 at low T; in other words, analogous structure. As can be seen in figure xx, the L in 
PdBrMalC7 is enough short for satisfying the expectation of the AV state at room T. Note that the 
single-crystal structural analysis could not confirm a transition between MV and AV state, unlike the 
previous work, obviously due to the absence of superlattice spots at high T. 
 
 
Figure 2-11. (a) ORTEP drawing of PdBrMalC7 at 293 K with 50% probability. (b, c) Crystal 
packings of PdBrMalC7 at 293 K viewed along (b) a- and (c) b-axis. C, gray; Br, brown; N, blue; O, 
red; Pd, green; S, yellow. Hydrogen atoms are omitted for clarity. Crystallization water molecules are 
omitted for clarity in (c). 
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Table 2-2. Crystal data of PdBrMalC7 (TWIN refinement data). 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 





























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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 As well as PdBrMalC6, PdBrMalC7 is focused on from the viewpoint of the Pd–Br 1D 
chain feature. As can be seen in Figure 2-12, the environments of the all Pd sites are equivalent, 
strongly indicating the formation of an AV state at this T. However, the structure determination was 
also not succeeded at higher T as PdBrMalC6. Therefore, further characterizations of the electronic 
states of a PdBrMalCn family at different T were conducted by variable-temperature (VT) physical 




Figure 2-12. Selected interatomic distances in the Pd–Br chain. C, gray; N, blue; O, red; lime, Pd; Br, 
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2. 7. Structural insight into PdBrMalCn in the high-T phase 
 2. 7. 1. X-ray oscillation photographs of PdBrMalC7 at various T. 
 It is well-known that superlattice reflection or diffuse scattering owing to 2-fold (or more) 
periodicity along M–X chain direction can be observed in an X-ray oscillation photograph in MX-
chains in an MV state. Therefore, a change in the electronic state between MV and AV states may be 
detected by looking at the X-ray oscillation photographs at various temperature. In this study, the 
oscillation photographs were checked in a T range of 293–323 K in each 5 K (Figure 2-13). The 
photographs were taken on a Rigaku Saturn 724 CCD diffractometer with graphite-monochromated 
Mo Kα radiation (λ = 0.7107 Å). X-ray was irradiated for 120 s at every temperature. Upon increasing 
temperature, weak diffuse scatterings appeared above 308 K. This appearance is indicative of a 
conversion from an AV to an MV state at this T. After cooling to 293 K, the X-ray oscillation pattern 
completely returned to that before raising T. Then, an SXRD analysis above 308 K was attempted; 
however, it was not succeeded, as well as a trial on PdBrMalC6. 
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Figure 2-13. X-ray oscillation photographs of PdBrMalC7 in the T range 293–323 K. Red arrows 
indicate diffuse scatterings originating from a formation of 2-fold periodicity owing to displacements 
of bridging Br ions. Reproduced from Ref. 1 with permission of The Royal Society of Chemistry. 
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2. 8. Electron spin resonance (ESR) spectroscopy: magnetic characterization 
 2. 8. 1. Fundamentals 
 The VT ESR measurement was kindly supported by Dr. Hisaaki Tanaka and Prof. Dr. Shin-
ichi Kuroda at Nagoya University. ESR spectra were measured on a Bruker EMX spectrometer 
equipped with a gas-flow type cryostat Oxford ESR 900. 
 Schematic ligand field splitting and electron configurations of MX-chains are illustrated in 
Figure 2-14. As shown, an MV state, which is composed of low-spin M2+/4+ species, is basically 
diamagnetic. On the other hand, an AV state has a lone electron which may attribute to magnetic 
property, while a strong antiferromagnetic interaction often acts between the electron spins at the 
neighboring M sites. Therefore, only a small difference in the magnetic susceptibility can be expected 
between MV and AV states. Indeed, for PdBrSucC5, the difference was found to be ~10–5 esu mol–1, 
which was confirmed by solid-state ESR spectra.1 In the present study, VT ESR spectra of 
PdBrMalC7 were acquired to confirm an AV–MV transition. 
 
 
Figure 2-14. Schematic ligand-field splitting and electron configurations of MX-chains. Left and right 
panels express the MV and AV states, respectively. 
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 2. 8. 2. VT ESR spectra for PdBrMalC7. 
Single crystals of PdBrMalC7 were aligned on a PET substrate, and it was injected into a 
spectrometer with the applied magnetic field being perpendicular to the substrate. Thus, acquired ESR 
signals are regarded as the partially orientating ones. Figure 2-15 shows the ESR spectra for 
PdBrMalC7 measured at various T. ESR signal for Pd3+ was observed in the range 2.115  g  2.131 
in whole T range. The g value got greater and greater upon increasing T, indicating the elongation of 
Pd–Br chain. Additional signals, which was named impurity, were observed above room T. Because, 
however, those intensities did not change upon T change, they were ignored on a calculation of the 
spin susceptibility, m. 
 
 
Figure 2-15. VT ESR spectra for PdBrMalC7. Red and blue solid lines represents a heating and 














T = 10 K
T = 30 K ( 3)
T = 100 K ( 3)
T = 160 K ( 2)
T = 200 K ( 2)
T = 295 K ( 5)
T = 307 K ( 7)
T = 322 K ( 12)
T = 360 K ( 15)
T = 322 K ( 12)
T = 307 K ( 7)
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2. 8. 3. Temperature dependence of spin susceptibility. 
The absolute χm values at each T could be evaluated by integrating the first derivative of the 
ESR signal twice, followed by comparison with the first integrated ESR spectrum of the external 
standard, CuSO4·5H2O. The T dependence of m is shown in Figure 2-16. Near 310 K, m drastically 
changed between 5  10–6 and 1  10–6 esu mol–1 at 295 and 330 K, respectively. This result indicated 
that the electronic state changed from AV to MV states with an increase in temperature with a critical 
temperature TC ≈ 310 K. However, different from the previous study on PdBrSucC5, no hysteresis 
were observed. Furthermore, m gradually decreased with a decrease in temperature below 200 K, 
which was probably due to a spinPeierls transition, which has been observed for [Ni(chxn)2Br]Br2 
(chxn = 1R,2R-diaminocyclohexane)9 and other materials, such as organic conductors10–12 and 
CuGeO3.13 X-ray oscillation photographs were carefully checked at 93 K to confirm this assumption, 
but no signs of spin–Peierls distortion were visible. This is due to either an absence of spin–Peierls 
transition or the unsatisfied measurement condition, such as not very low temperature and weak X-ray 
power. In addition, an increase in m with a decrease in T was observed, which was due to Curie spins. 
The concentration of Curie spin (NCurie) in PdBrMalC7 was estimated to be 0.013%. It should be 
noted that the m value at high T region is remarkably larger than the theoretical value estimated by 
extrapolation of Curie’s formula (broken line in Figure 2-16). This behavior was not observed in 
PdBrSucC5.3 The residual m at high T might be considered to arise from a large number of thermally 
excited spins, i.e. solitons, generated in PdBrMalC7. For example, the spin concentration is estimated 
to be ~1 spin / 1000 sites at 360 K. 
 
2. 8. 4. Temperature dependence of g value and linewidth 
 Some signs of AV–MV transition should appear in the g value and linewidth of ESR spectra 
since the transition is accompanied by an elongation (or shrinking) of Pd–Br bond. Hence, the g value 
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and half width at half maximum of ESR signal (ΔHpp) for PdBrMalC7 are plotted as a function of T 
(Figure 2-17). Looking at the g value, it gradually increased from 10 K to 300 K, followed by a steep 
increase at 310K, which was consistent with TC. The reason is as follows: 
 When an electron spin is located on Pd 4dz2 orbital, anisotropic g values can be expressed 
as: 
   𝑔 ≈ 2.0023 − 6𝜂 𝛥⁄  
   𝑔|| ≈ 2.0023 
, where g and g|| are the anisotropic g values perpendicular and parallel to Pd–Br chain, respectively, 
η is an energy of ligand field splitting between dz2 orbital and dyz,zx orbitals, and Δ is spin–orbit 
coupling constant (Δ < 0). As expressed in the second formula above, the g|| shift is quite small. 
Therefore, the remarkable change in g value shown in Figure 2-17 (left vertical axis) is mainly 
originating from the change in g. An increase in g indicates a decrease in Δ, which further indicates 
an elongation of Pd–Br distance. This is indeed consistent with the fact that M–M distance becomes 
longer in an MV state (high T state) than in an AV state (low T state). 
 Besides for the ESR linewidth, an obvious change was also observed upon AV–MV 
transition (Figure 2-17, right vertical axis). In the low T region, a broadening of ESR signal can be 
seen above 150 K, which is reflecting a spin–lattice relaxation. On the other hand, the linewidth above 
TC should be related to the thermally excited solitons, i.e. lone electron spins. Now it is noted that the 
results shown in Figure 2-17 are possibly influenced by the setting direction of the samples in applied 
magnetic field because some instruments, such as cryostat, are subjected to be changed below and 
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Figure 2-16. T dependence of m for PdBrMalC7. Red and blue circles represents a heating and 
cooling processes, respectively. Black broken line, Curie curve fitted at low T (C/T; C, Curie 




Figure 2-17. T dependence of g value (filled circle) and ΔHpp (hollow circle) for PdBrMalC7. Red, 
heating; blue, cooling. 
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2. 8. 5. Summary of ESR study. 
 Solid-state ESR spectra of PdBrMalC7 were acquired and analyzed at various T by using 
single crystalline samples. The T dependence of m was evaluated by integrating ESR signals, clearly 
demonstrating a transition from an AV state in the low T region to an MV state in the high T region at 
TC ≈ 310 K without hysteresis. The changes in g value and linewidth consistently indicated the AV–
MV transition. 
 
2. 9. Electrical conductivity 
 2. 9. 1. Fundamentals. 
 MX-chains are known as one of the most famous conductive coordination polymers.14 This 
is attributed to an effective communication between the neighboring M ions through bridging X ions. 
It can be also understood by a fact that Pd and Pt MX chains, and Ni MX chains are regarded as Robin–
Day class II and IIIB materials,15 respectively, with infinite chain structures. In the previous work on 
PdBrSucC5, it was found that a discontinuous T variation was caused due to a collective valence 
fluctuation associated with an MV–AV phase transition.3 PdBrMalC7, hence, should behave similarly 
to PdBrSucC5, leading to an observation of an AV–MV transition upon heating from room T. 
 
2. 9. 2. T dependence of electrical resistivity in PdBrMalCn. 
 Electrical resistivity measurements on PdBrMalCn (n = 6 and 7) were conducted by 2-
terminal method. Gold wires (15 μmφ) were attached on (0 0 1) surface of single crystalline samples 
by using carbon paste to shorten the distance between electrodes. Electrical current was recorded by a 
Keithley 2601 sourcemeter with a constant voltage of 0.5 and 1.0 V-nanovoltmeter on PdBrMalC6 
and PdBrMalC7, respectively. Samples were firstly cooled down to 100 K under continuous pumping, 
then heating–cooling cycles were applied at a scan rate of 1 K min–1. During the first heating from 100 
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K, both PdBrMalC6 and PdBrMalC7 showed semiconductor-like behaviors, as shown in Figure 2-
18, up to ~300 K. Then resistivity (ρ) steeply increased to reach a static value. As mentioned above, 
the discontinuous change in ρ can be regarded as a sign of the AV–MV transition, implying that both 
materials undergo the transition near room T. However, PdBrMalCn family shows much more 
gradual transition than PdBrSucC5 does. The reason for this point has not been clarified yet. Briefly 
note that the data for PdBrMalC6 looks noisier than that for PdBrMalC7; this is probably because 
of the quality of crystals used. Actually, the PdBrMalC6 samples were much thinner and more fragile 
compared with the PdBrMalC7 samples. It is also notable that a cooling data do not reproduce the 
heating data measured just before. This is probably due to sample deterioration at high T. 
 
 
Figure 2-18. T dependence of electrical resistivity (ρ) measured along the major axes (|| chain) of the 
single crystals. Red, PdBrSucC5;3 magenta, PdBrMalC6; blue, PdBrMalC7. Solid lines, heating; 
broken lines, cooling. During the measurements, excitation voltages were applied to the samples with 
0.5 V and 1.0 V for PdBrSucC5 and PdBrMalC6 and for PdBrMalC7, respectively. Measurements 
were carried out after 1st cooling to low T, followed by a heating–cooling cycles at 1 K min–1. 
 
- 80 - 
 
 In Figure 2-19 is shown Arrhenius plot for PdBrMalCn (n = 6 and 7). Arrhenius equation 
is expressed as: 





, where r is electrical resistivity, r0 is the expected resistivity at the high temperature limit, Ea is 
activation energy, kB is Boltzmann’s constant and T is temperature. The fitting lines for the data in this 
study are drawn by broken lines in figure x. The Ea were estimated to be 109 and 68 meV for 
PdBrMalC6 and PdBrMalC7, respectively. For comparison, Ea for PdBrSucC5 was evaluated to be 
103 meV.3 
 
Figure 2-19. Arrhenius plot for PdBrMalC6 (magenta) and PdBrMalC7 (blue). Hollow circles are the 




⁄ )(𝟏 𝑻⁄ ). 
 
 
2. 9. 3. Summary of electrical resistivity measurement 
 By investigating T dependences of ρ on PdBrMalCn (n = 6 and 7), a discontinuous T 
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variation, which was due to a collective valence fluctuation associated with an AV–MV transition, was 
detected near 300 K for each material. Thus, both materials undergo an AV–MV transition near room 
T, while the exact TC could not be determined from this method since the T region of the valence 
fluctuation was so wide. To further and qualitatively investigate the electrical properties of 
PdBrMalCn family, it is necessary to prepare the single crystals with enough thickness and quality. 
 
2. 10. Raman spectroscopy 
 2. 10. 1. Fundamentals. 
 It has been established that X–M–X symmetrical stretching mode (νXMX) is Raman active in 
an MV state, while it is forbidden in an AV state (Figure 2-20). Indeed, such a clear difference was 
shown in PdBrSucC5.3 Polarized Raman spectra at various T were measured in collaboration with 
Prof. Dr. Hiroshi Okamoto at the University of Tokyo. 
 
 
Figure 2-20. X–M–X symmetric stretching mode (νXMX) allowed in an MV state. 
 
 
 2. 10. 2. VT Polarized Raman spectra for PdBrMalC7 
 Polarized Raman spectra were measured on a Renishaw Raman spectrometer. Polarized 
Raman spectra for PdBrMalC7 were measured from 10 K to 320 K on heating with the polarization 
direction of both incident and reflection lights parallel to the Pd–Br chain. A crystal whose surface 
seemed clean and flat was fixed on carbon paste. Calibration was performed using a single crystalline 
Si standard at the totally symmetric mode (520 cm–1). He-Ne laser (632.8 nm; 1.96 eV) was used for 
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excitation. The spectra for PdBrMalC7 are shown in Figure 2-21. In the whole T range studied, a 
pair of bands are seen at ~174 and ~345 cm–1 (marked by asterisks). Although the former band is sharp 
and strong, the origins of these bands have not been clarified; however, they might come from Pd–Br 
chains. Note that an additional band appears at 121 cm–1 at 320 K, while it is absent below 310 K. As 
this Raman shift value is close to that observed in PdBrSucC5, it should be assigned to νXMX in an 
MV state. Hence, an AV–MV transition is likely to undergo between 310 and 320 K. This is consistent 
with TC estimated from the ESR study. 
 
 
Figure 2-21. VT polarized Raman spectra for PdBrMalC7 (electric field E||chain). Orange circle 
points a Raman band assignable to Br–Pd4+–Br symmetrical stretching (νXMX). Asterisks, 
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2. 11. Infrared spectroscopy 
 2. 11. 1. Fundamentals. 
 Infrared (IR) spectroscopy is frequently used for catching some chemical reactions, such as 
coordination/dissociation of organic ligands to metal ions. It is also known that a difference in charge 
state of mixed valence metal complexes (clusters) can be detected by IR spectroscopy when the 
electron exchange rate is slower than the IR time scale (~1010 sec).116 As well as such mixed valence 
compounds, it has been established that the electronic state of MX-chain can be estimated from IR 
spectrum by focusing on symmetric N–H stretching (νNH) of amine ligands at the equatorial 
positions.17,18 Briefly speaking, the electronic state (electron density) of the amine nitrogen atoms 
which directly coordinate to M centers is sensitive to the valence of M ions; in an AV state a presence 
of only M3+ ion average the environment of the nitrogen atoms, while an M2+/M4+ mixed valence 
nature in an MV state lead to a splitting of N–H vibration energy. Indeed, I investigated VT IR spectra 
of a series of PdBrSucCn, which clearly demonstrated the doublet-to-singlet spectral changed as an 
evidence of the MV–AV transition.19 Representative VT IR spectra of PdBrSucC5 is shown in Figure 
2-22. On the basis of the results on PdBrSucCn, it must be expected that TC of a PdBrMalCn family 
can be estimated from VT IR spectra. 
 
 
Figure 2-22. (a) Polarized IR spectra of PdBrSucC5 at various T (Echain). (b) T dependence of νNH 
in PdBrSucC5. 
- 84 - 
 
 2. 11. 2. VT IR spectra for PdBrMalC7 
 To confirm the possibility of estimating electronic state of a PdBrMalCn family, I firstly 
investigated PdBrMalC7 because its TC had been already estimated to be ~310 K from the ESR study. 
Microscopic Fourier-transformed IR spectra were measured on JASCO FT/IR-6200YMS combined 
with JASCO infrared microscope ITR-5000. Spectra were measured in transmission mode. Enough 
thin crystals were used for measurements, which were fixed on a hole (0.02–0.05 mmφ) created on Cu 
substrate with APIEZON M or APIEZON H glue. The incident light was polarized vertical to the 
chain direction and irradiated to (0 0 1) surface of crystals. 
 In Figure 2-23a, IR spectra for PdBrMalC7 at some T are shown. At 290 K, an IR peak 
can be seen at 3121 cm–1. The νNH band becomes broader with an increase in T up to 310 K, followed 
by a splitting into two bands at 3103 and 3132 cm–1 (Figure 2-23b). This phenomenon is same as that 
observed in PdBrSucC5 (see Figure 2-22a), indicating a transition from an AV state to an MV state 
at TC ≈ 315 K. This TC is consistent with that estimated from the T dependence of χm. Note that this 
spectral change could be reproduced during heating–cooling cycles, confirming a reversibility of the 
AV–MV transition in PdBrMalC7. 
 
 
Figure 23. (a) Polarized IR spectra of PdBrMalC7 at various T (Echain). (b) T dependence of νNH. 
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 2. 11. 3. VT IR spectra for PdBrMalCn (n = 5 and 6). 
 As the AV–MV transition in PdBrMalCn system was successfully monitored by polarized 
IR spectroscopy, PdBrMalCn (n = 5 and 6) were then subjected to the same procedure to estimate 
their TC. In Figure 2-24, the IR spectra at various T and the T dependences of νNH peak frequencies 
are summarized. As similar to PdBrMalC7, IR spectra for PdBrMalC5 and PdBrMalC6 are 
apparently show the AV–MV transition. While the spectra are slightly broadened and noisy, TC are 
briefly estimated to be 263±7 and 275±5 K for PdBrMalC5 and PdBrMalC6, respectively. 
 
 
Figure 2-24. Polarized IR spectra (Echain) for (a) PdBrMalC5 and (b) PdBrMalC6 at various T. (c) 
T dependence of νNH peak energy. Circle, PdBrMalC5; triangle, PdBrMalC6. 
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2. 12. Polarized reflectivity spectroscopy 
 2. 12. 1. Fundamentals 
 The electronic states of MX-chains have been understood by an extended Hubbard model 
proposed by Nasu.20,21 In the theoretical model, the optical gaps (ECT) of MX-chains can be provided 
by equations shown below: 
MV state; 𝐸𝐶𝑇 = 2𝑆 − 𝑈 + 3𝑉 
AV state; 𝐸𝐶𝑇 = 𝑈 − 𝑉 
, where S, U and V represent the electron–lattice interaction energy, on-site Coulomb repulsion and 
intersite Coulomb repulsion, respectively. Here, V is much smaller than the other parameters; thus ECT 
can further be approximated as 
MV state; 𝐸𝐶𝑇 = 2𝑆 − 𝑈 
AV state; 𝐸𝐶𝑇 = 𝑈. 
As U is an intrinsic parameter in each M ion, it can be regarded as a constant value; therefore 
ECT is also constant independent of T. On the other hand, 2S comes from the energy difference between 
the neighboring M sites due to the alternate lattice distortion,21 it varies depending on the materials, 
particularly the M···M distance is one of the indicators if compared among the same M–X combination. 
In other words, among the same M–X combinations, 2S decreases with a decrease of M···M distance, 
L. This is indeed demonstrated in Ref. 3 and 22. Hence it will be helpful to investigate the ECT at 
various T to estimate the electronic state at each T and to confirm an AV–MV transition. While either 
polarized reflectivity spectra on single crystal or diffuse reflectance spectra are utilized to obtain the 
optical characteristics, the former method is more powerful. 
 VT polarized reflectivity spectra were measured in collaboration with Prof. Dr. Hiroshi 
Okamoto at the University of Tokyo. 
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 2. 12. 2. VT reflectivity spectra for PdBrMalC7. 
 VT polarized reflectivity spectra were measured on PdBrMalC7. For the measurement, a 
single crystal was fixed on a carbon paste, which was then injected in a cryostat to control temperature. 
The crystals was subjected to be irradiated the incident light being parallel to the chain direction 
(E||chain). Measurement was carried out on heating. In Figure 2-25 is shown the reflectivity spectra 
at various T. At every T, a peak maximum appeared at ca. 0.7 eV. Though another structure can be 
seen below 0.5 eV, it is probably due to a backside reflection. 
 
 
Figure 2-25. Polarized reflectivity spectra for PdBrMalC7 at various T. The vertical axis is fixed for 
clarity. Reproduced from Ref. 1 with permission of The Royal Society of Chemistry. 
 
 
2. 12. 3. VT optical conductivity spectra for PdBrMalC7. 
 By Kramers–Krönig transformation of reflectivity spectra, the corresponding optical 
conductivity spectra can be afforded. The optical conductivity spectra are the most powerful tool to 
estimate ECT of crystalline materials. Kramers–Krönig transformation was performed by using a 
program which had been originally provided by Okamoto group. The optical conductivity spectra for 
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PdBrMalC7 at various T are shown in Figure 2-26a. In the spectra, particularly at low T, two peak 
features can be recognized in <1 eV region. One of them at higher photon energy, pointed by red 
circles, are observed at every T mostly without changing its position. Another peaks at lower energy, 
pointed by green triangles, become sharp with a decrease in T. According to the previous work, ECT 
of PdBrSucCn family in AV state is ~0.58 eV,3 which is plotted in Figure 2-26b. As mentioned above, 
ECT in an AV state is expected to be unchanged in the same M–X pair. Thus, PdBrMalCn family 
should have the same ECT as PdBrSucCn in the AV state: ECT ≈ 0.58 eV. From this point of view, the 
absorption bands appearing at ca. 0.58 eV are assignable to the absorption intrinsic to PdBrMalC7. 
Indeed, ECT of PdBrMalC7 below 293 K is consistent with that of PdBrSucC5 below 200 K (in an 
AV state). Therefore, the optical conductivity spectra confirm that PdBrMalC7 is in an AV state below 
293 K. Besides, the peaks at lower energy region, pointed by green triangles, are considered to arise 
from backside reflections. Note that a measurement was also carried out above room T; however, the 
spectra (not shown) were unfortunately not qualitative for discussing ECT, which was perhaps due to 
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Figure 2-26. (a) Optical conductivity spectra for PdBrMalC7. Red circles are pointing the absorption 
bands attributed to ECT. Green triangles point the anomalies due to backside reflections. (b) T 
dependence of ECT determined from the optical conductivity spectra. Red, PdBrSucC5;1 blue, 
PdBrMalC7 (this work). 
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2. 13. Discussion: AV–MV transition temperature 
 An important object of this work on PdBrMalCn is to assess how its TC changes compared 
with that of PdBrSucCn. In Table 2-3, TC of PdBrMalCn (5 ≤ n ≤ 7) estimated from each VT 
measurement is summarized. Standard deviations were briefly given by the author. For a comparison 
of TC between the PdBrMalCn and PdBrSucCn families, those determined from the VT IR spectra 
are used herein. As can be seen in Figure 2-27, which is depicting a phase diagram on the TC–n 
relationship, TC is successfully increased in PdBrMalCn compared to PdBrSucCn in the n range 5–
7. With n = 7, for instance, the TC difference is estimated to be ~45 K. Such enhancement of the 
stability of an AV state in PdBrMalCn could be originated from a difference in crystal packing 
structure, while the real mechanism have not been explained by experimental results, such as the 
SXRD analyses. The possible reasons for the problem can be attributed to a brittleness and an initially 
bad quality of the PdBrMalCn single crystal, making accurate XRD analyses difficult. Therefore, 
further spectroscopic studies, such as solid-state NMR spectroscopy, might be helpful for us to clarify 
the mechanism in detail; however, it must be much challenging. 
 
 
Table 2-3. TC of a series of PdBrMalCn estimated from each VT measurement studied in the present 
work.† 
n 5 6 7 
TC (XRD) / K – 270±20 315±5 
TC (χm) / K – – 305±5 
TC (ρ) / K – 310±10 310±10 
TC (Raman) / K – – 315±5 
TC (IR) / K 263±7 275±7 308±5 
†The errors in this table were given empirically by the author. Relatively large error values are because 
of low resolutions of the data. 
 









Figure 2-27. TC–n phase diagram of the families of PdBrMalCn and PdBrSucCn. Blue circle, 
PdBrMalCn; red circle, PdBrSucCn.19 The regions shadowed by light green, deep orange and pale 
orange depict the phase regions of MV, AV in PdBrMalCn and AV in PdBrSucCn, respectively. TC 
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2. 14. Origin of the increased TC 
 2. 14. 1. Single crystal structure of PtBrMalC6 
To get some insights into the origin of the increased TC in PdBrMalCn, in comparison with 
PdBrSucCn, the crystal structures should be compared between PdBrMalCn and PdBrSucCn, 
including both the high and low T phases, i.e. the MV and AV states, respectively, and at the same n. 
However, unfortunately, it has not been succeeded to determine the crystal structures of PdBrMalCn 
in a high-T phase, which makes the discussion less accurate. Thus, instead of the Pd complex, an 
analogous Pt MX-chain, [Pt(en)2Br](MalC6)2·H2O (PtBrMalC6) was prepared and solved its crystal 
structure. Note that [Pt(en)2Br](SucC6)2·H2O (PtBrSucC6) was already reported elsewhere, where its 
crystal structure was determined at 200 K.23 Hence, an SXRD measurement on PtBrMalC6 was also 
carried out at 200 K for comparison. The crystal structure of PtBrMalC6 is shown in Figure 2-28 
(see Table 2-4 and 2-5 for crystallographic data and representative bond lengths/angles, respectively). 
The structure could be solved in monoclinic Cm, where the overview of crystal packing was very 
similar to that of PdBrMalC6 but orientations of the alkyl chains were varied. On the basis of the 
nearest-neighbor Pt···Pt distance (L) of 5.3016(3) Å, which is longer than the shortest L in bromide-
bridged Pt MX chains in an MV state so far reported,23 PtBrMalC6 is in an MV state at the T measured, 
while no disordered bridging Br are visible. Note that the anisotropic thermal factor of the bridging Br 
is elongated a bit along the chain direction, which implies a disordered Br in reality. This is also the 
case at 93 K; therefore, PtBrMalC6 is in an MV state at least above 93 K. Indeed, in an SXRD 
measurement at 100 K with X-ray irradiation for 60 sec, diffuse scatterings were observed on the X-
ray oscillation photographs (Figure 2-29) like PdBrMalC7 at high T and some reported MX-
chains.24–26 Although the charge distribution map of Pt2+/Pt4+ could not be determined, the diffuse 
scatterings observed in PtBrMalC6 suggested a kind of charge ordered structure with an MV state. 
 








Figure 2-28. Crystal structure of PtBrMalC6 at 200 K. Viewed from (a) the a- and (b) the c-axes. C, 
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Table 2-24. Crystallographic data for PtBrMalC6. 
PtBrMalC6 (a)† (b)‡ (c)# 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 

















































































R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
†w = 1 / [s2(Fo2) + (0.0422P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
‡w = 1 / [s2(Fo2) + (0.0483P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
#w = 1 / [s2(Fo2) + (0.0563P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
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Table 2-25. Selected bond lengths (Å) and angles () of PtBrMalC6 at various temperatures. 
T / K 93 200 293 
Pt–Br / Å 
 
Pt–N / Å 
 
 
Pt–Br–Pt /  










































Figure 2-29. Representative X-ray oscillation photographs of PtBrMalC6 at 100 K irradiated for 60 
s from different directions. Blue arrows point the diffuse scatterings additionally observed to the 
strong Bragg spots. 
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 2. 14. 2. Insights into the possible origin of the different TC between the Pd MX-
chains with SucCn– and MalCn– 
 According to the previous reports on PdBrSucCn1 and PtBrSucCn,23 these analogous 
materials crystallized in isomorphic crystal structures. In case of the present study, crystal structures 
of PdBrMalCn in an AV state and PtBrMalCn in an MV state were also indicated to be competitive 
to each other, whereas there could be seen a little difference in, for example, the orientations of the 
alkyl-chain terminals. Hence, it could be anticipated that a comparison of crystal structures between 
PtBrSucCn and PtBrMalCn at the same T would give some insights into the origin of the decreased 
nearest-neighbor Pd–Pd distances (L) in PdBrMalCn compared with those in PdBrSucCn. 
 In this context, HB networks involving the [M(en)2X] chains, sulfonate groups in the 
counterions and crystallization water molecules are thought to have impacts on the variations in L 
driven by the attractive chemical pressure acting between the alkyl chains of counterions. This is 
because a change in the M–X bond lengths and crystal symmetries arising from the attractive chemical 
pressure should be mediated via HBs formed among the [M(en)2X] chains, sulfonate groups in the 
counterions and crystallization water. From this viewpoint, for the 1st discussion point, the HB patterns 
and the two Pt complexes were compared from the structural viewpoint, such as the HB patterns and 
distances. In Table 2-26, the N–O and O–O distances, which are thought to be related to the HBs, in 
PdBrMalC7 at 293 K, PtBrMalC6 and PtBrSucC6 at 200 K are summarized. Note that O(SO3–) and 
O(water) mean the oxygen atoms of sulfonate group and crystallization water, respectively. Here can 
be seen a few relatively long N–O distance up to 3.333 Å; however, all atomic pairs shown in Table 
2-26 are herein regarded to form HBs. Besides for the O–H···O HBs between the sulfonate groups 
and crystallization waters, four O–O distances, two of which were shorter than 3 Å, were observed. 
As another two sets were longer than 3 Å, the shorter two O–O pairs were assigned to be actually 
forming HBs. 
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 Comparing the HB patterns between the two MalCn– analogues, they were found to exhibit 
the same HB pattern, see Figure 2-30 a–d. On the other hand, a different HB network was indicated 
in PtBrSucC6, where the O–H··· HB direction formed between a crystallization water and two 
sulfonate oxygens was different (Figure 2-30 e and f; red dashed lines). In other words, viewed along 
the nearest interchain direction, i.e. the a axis direction for both Pt complexes, a crystallization water 
is forming HBs with two sulfonate oxygens close to the same chain in PtBrMalC6, while the similar  
HBs are seen at crystallization waters but with different combination of sulfonate oxygens in 
PtBrSucC6. This could arise from the different packing structures along the c-axis directions owing 
to a difference in symmetry of counterions compared. Therefore, although a detailed discussion is 
hardly possible, it must be implied that the pathways to compressing M–X 1D chains, which are driven 
by the chemical pressure and seem to be mediated by HBs between the chains and counterions, are 
likely to be owing to symmetries of the amphiphilic counterions. It will be helpful for clarifying the 
relationships among chemical structure of counterion and L to investigate the T dependence of crystal 
structures of the Pd MX-chains, to solve their structures at high and low T phases precisely, and 
perform more SXRD analyses. 
 
 
Table 2-26. Estimated hydrogen-bonding N–O/N–O distances in the three MX-chains. 
 PdBrMalC7 (293 K) PtBrMalC7 (200 K) PtBrSucC7 (200 K) 
N(1)–O(SO3–) / Å 
N(2)–O(SO3–) / Å 
N(3)–O(SO3–) / Å 
N(4)–O(SO3–) / Å 
N–O(water) / Å 

























Figure 2-29. Highlighting the HB patterns in (a,b) PdBrMalC7 at 293 K, (c,d) PtBrMalC6 at 200 K 
and (e,f) PtBrSucC6 at 200 K.23 C, black; Br, brown; N, blue; O, red; Pt, gray; S, yellow. Hydrogen 
atoms are omitted for clarity. In (b), (d) and (f), only the -CHSO3– moieties are depicted for clarity. 
Blue and red dashed lines are the expected N–H···O and O–H···O HBs, respectively. 
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 For the 2nd point, the conformation of M(en)2 differs depending on counterion, SucCn– or 
MalCn–. In Figure 2-30, a definition of δ and λ conformations related for the en ligand is depicted. 
Comparing the crystal structures with this definition, a conformation is assigned to all of the M(en)2 
moieties in the MalCn– analogues, and {δ,δ} in the SucCn– ones. Whereas no relationships were 
detected between the conformation and TC, an effect of the conformation is not likely striking, since 
no conformational changes were observed along with the MV–AV phase transition in PdBrSucC5. 
 
 
Figure 2-30. Definition of δ- and λ-conformation of the en ligand. C, gray; N, blue; Pd, green. This 
conformation is attributed to a {δ,λ} type. 
 
 
 Finally, it was indicated that the nearest-neighbor interchain distance (D) was varied with 
depending on counterion. Now, the structures of PtBrMalC6 and PtBrSucC6 at 200 K will be focused 
on for significance. In the present case, as the D could not be directly deduced from the interplatinum 
distance in neighboring chains, the analysis was carried out geometrically. Hence, four Pt moieties are 
now focused on, and named from Pt1 to Pt4, see Figure 2-31. Three important values, the Pt1–Pt2 and 
Pt1–Pt3 distances and the (Pt2–Pt1–Pt3) angle are evaluated for both complexes as shown in Table 2-
27. Firstly looking at PtBrSucC6 (Figure 2-31b), D is consistent with the Pt1–Pt3 distance (7.793(4) 
Å) because the (Pt2–Pt1–Pt3) is 90. On the other hand, the D in PtBrMalC6 (Figure 2-31a) was 
estimated using the trigonometric function, D = “Pt1–Pt3 distance”  cos[90  (Pt2–Pt1–Pt3)]: D = 
7.929 Å for PtBrMalC6. Therefore, the D are different by ~0.136 Å between PtBrMalC6 and 
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PtBrSucC6. Besides for the intrachain nearest-neighbor Pt–Pt distance, L, PtBrMalC6 has shorter L 
than PtBrSucC6 does by ~0.08 Å (see Table 2-27, Pt1–Pt2 distance). Although the degree of the 
variation of D by ~0.13 Å is not clearly evaluated at this stage, that of L by ~0.08 Å is significant to 
control the transfer energy, t, between the neighboring Pt sites. On the basis of the fact that the variation 
of L is >50% of that of D, the D and the L are likely linked to each other. 
 
 
Figure 2-31. Local structures with numbering the selected four Pt sites in (a) PtBrMalC6 and (b) 
PtBrSucC6 at 200 K. C, black; Br, brown; N, blue; O, red; Pt, gray; S, yellow. Hydrogen atoms are 
omitted for clarity. Blue and red dashed lines express the N–H···O and O–H···O HB pairs. 
Interatomic N–O and O–O distances (blue and red dashed lines, respectively), N–O–N angles 
(magenta) and interchain distances (orange arrows) are marked. 
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Table 2-27. Selected interplatinum distances and angles and interchain distances (D) in PtBrMalC6 
and PtBrSucC6 at 200 K. 
 Pt1–Pt2, Pt1–Pt3 / Å (Pt2–Pt1–Pt3) /  D / Å 
PtBrMalC6 5.3016(3), 7.9604(5) 84.95 7.929 
PtBrSucC6 5.379(3), 7.793(4) 90.00 7.793 
 
 
Table 2-28. Selected atomic distances and angles related to the hydrogen bonds between Pt(en)2 and 
SO3–. 
 N···O(SO3–) / Å (N–O–N)† /  
PtBrMalC6 2.988, 3.156; ave. 3.072 
2.923, 3.333; ave. 3.128 
121.38 
113.89 
PtBrSucC6 3.036, 3.120; ave. 3.078 
3.157, 3.218; ave. 3.188 
118.62 
117.95 
†The N–O–N angles through N–H···O(sulfonate)···H–N hydrogen bonds along the chain direction. 
 
 
 To get deeper insights into this assumption, the N–H···O HBs between Pt(en)2 moieties and 
sulfonate groups are to be discussed in more detail. The N–O distance and the (N–O–N) angle are 
shown in Table 2-28, where ave. represent the average values of the respective N–O distances. As can 
be seen, the absolute N–O distances are slightly different between the two Pt complexes, but for the 
average distances are enough comparable. Regarding the (N–O–N) angles related to HBs, the 
average values are also comparable between PtBrMalC6 and PtBrSucC6 with the values of 117.6 
and 118.3, respectively, while the angles in PtBrMalC6 are dispersed. Considering these facts, a 
difference in the symmetry of amphiphilic counterions seems to, at the first stage, trigger a variety of 
packing structures of the alkyl chain terminals and steric hindrances between an 1D chain and a 
counterion, such as a hindrance due to the carbonyl oxygens in counterion, and subsequently, to 
optimize the relative positions of the 1D chains and the sulfonate groups. 
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 On the other hand, the HBs between the equatorial ligands, i.e. en, and counterions are likely 
to retain a similar environment, such as the N–H···O HB lengths, even when the 1D chains are slightly 
moved or distorted. Possibly, a more stable network could be produced. Therefore, the retaining and 
distortive forces on the HB interactions seem to competitively and cooperatively rearrange the position 
of the 1D chains, i.e. D, and to compensate the separated 1D chains by decreasing L (see Figure 2-32 
for example). This phenomenon can be told to be a kind of chemical pressure, herein which originates 
from the different chemical skeleton of counterion. Although other atomic distances and angles have 
been also subjected to considerations, it is still quite difficult to pick up the most critical difference 
since many parameters are varied between the two Pt complexes. Therefore, summarizing, the 
decreased L with MalCn– than SucCn– could be derived from the different HB network patterns and/or 
the separation of 1D chains which may induce a decrease in L. 
 
 
Figure 2-32. Proposed mechanism of the decreased L by replacing SucCn– with MalCn–. d(HB) denotes 
the N–H···O hydrogen bond distance. Brief explanation: d(HB) is assumed to be unchanged in both 
structures, while D is increased due to a steric effect with MalCn–, both of which act as a guiding 
distortion. As a result, such guiding distortion requires a decrease of L as a concomitant distortion so 
as to form the densest packing. 
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2. 15. Application to thin film material 
 2. 15. 1. Fundamentals 
 As already mentioned, MX-chains have been considered to be good candidate for making 
progress in high-performance optical computers.5,27 On the opposite of general works on MX-chains 
which usually utilize their crystals for physical measurements, it is strongly desired to fabricate MX-
chain-based thin film devices from the applied scientific viewpoints; however, it has been a 
challenging object because of the difficulty to conventional methods for thin film fabrications, such 
as vapor deposition and spin-coating from solution. There are only a few reports, however, in one of 
which [Ni(L)2Br]Br2 (L: 1,2-diaminohexadecane) nanocrystals could be dispersed in chloroform 
owing to the long alkyl chains of L.28 The nanocrystals were further treated with spin-coating on an 
SiO2 substrate by using poly(methyl methacrylate) (PMMA) as transparent polymer matrix, resulting 
in a hybrid thin film. It was also demonstrated that this thin film could exhibit an ultrafast (< 180 fs) 
nonlinear optical switching property. Another study described thin films composed of mixed valence 
MX-chains with a photochromic amphiphilic counterion, which underwent a photo-triggered 
assembly–disassembly of chain structures in film state.29 
 Although thin films were not investigated, some reports focused on dispersing MX-chains 
in organic media by using amphiphilic counterions and their nanostructures.30–32 For example, SucCn– 
was utilized for the counterion to form [Pt(en)2][Pt(en)2Cl2](SucC12)4, which could be dispersed in 
chloroform as nanocrystalline state and exhibit a thermochromism.30 By motivated these previous 
works, PdBrMalCn was tried to disperse in organic media and to fabricate a hybrid thin film aiming 
at optical applications. As PdBrMalC7 has been confirmed to have an AV state at room T, the 
objective film will be a promising material for optical switching as well as Ni MX-chains in AV states. 
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 2. 15. 2. Fabrication procedure 
 At first trial, PdBrMalC7 was tested on making its dispersion solution. However, it was not 
successful: PdBrMalC7 seemed to keep its dispersion state in chloroform for a short period, but it 
was easily decomposed. This process was able to be monitored by time-dependent color change from 
pale blue to pale yellow. This was considered to be due to not enough hydrophobicity of MalC7– to 
maintain the assembly structure. Hence, the alkyl chain was elongated to increase the hydrophobicity 
and stability of the 1D assembly structure: PdBrMalC12 emerged as the next candidate. Indeed, 
PdBrMalC12 could be demonstrated to make its dispersion solution in chloroform. The fabricating 
procedure is as follows: 
 Fabrication of PdBrMalC12–PMMA hybrid thin film (TF-C12).  3 mg of 
PdBrMalC12 was suspended in 1 mL of chloroform. After an ultrasonic treatment for 5 min, the black 
suspension was heated up until homogeneous pale yellow solution was produced. The solution was 
immediately cooled by liq. N2 to be solidified, and then naturally warmed up to room T. The resulting 
deep-green suspension was treated ultrasonication again, then filtered through syringe filter with a 
pore diameter of 1.0 μm. To the filtrate was added 30 mg of PMMA, sonicated for 5 min and left at 
rest at room T for 3 hours. The resulting solution was casted onto a SiO2 substrate rotating at 5000 
rpm dropwise, affording a slight black film material (TF-C12; Figure 2-33). 
 
    
Figure 2-33. Photographs of (a) TF-C12 and (b) only PMMA. Reproduced from Ref. 1 with 
permission of The Royal Society of Chemistry. 
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 The finally obtained hybrid thin film will be abbreviated as TF-C12. TF-C12 was 
characterized by means of UV–Vis–NIR absorption spectroscopy in comparison with the optical 
conductivity spectra (see Figure 2-26a) of PdBrMalC7 single crystal. 
 
 2. 15. 3. UV–Vis–NIR absorption spectrum 
 The UV–Vis–NIR absorption spectrum of TF-C12 at room T was measured under 
transmission mode. PMMA film on SiO2 was used as a baseline material. Figure 2-34 shows the UV–
Vis–NIR absorption spectra of TF-C12 and three reference compounds and an optical conductivity 
spectrum of PdBrMalC7 at room T. The materials shown in this figure, excepting PdBrSucC5 by 
KBr pellet, exhibit the absorption maxima at ~0.6 eV. As already discussed, this photon energy 
attributes to ECT in the AV state, being consistent with the fact that both PdBrMalC7 and 
PdBrMalC12 are in the AV state at room T. On the opposite, the spectrum of PdBrSucC5 in KBr 
pellet, which should be in an MV state at room T, exhibits a maximum at ~1.0 eV. This value is a little 
bit larger than ECT of the same compound (0.86 eV) estimated from the optical conductivity spectrum;3 
this difference appears to come from a diffuse scattering caused by large particles. Therefore, the 
absorption spectra shown in figure x clearly indicates that the electronic states of the first four materials 
can be assigned to the AV state at room T. Hence, TF-C12 must be promising for optical switching 
applications. 
 Owing to a strong hydrophobicity of PMMA matrix, it is expected that TF-C12 has a high 
stability in air, i.e. oxygen and water. Indeed, as shown in Figure 2-35, the prepared thin film TF-C12 








Figure 2-34. UV–Vis–NIR spectra of single crystalline PdBrMalC7 (black), hybrid thin film TF-C12 
(red), and KBr pellets of PdBrMalC7 (green), PdBrMalC12 (blue) and PdBrSucC5 (magenta) 




Figure 2-35. Absorption spectra of TF-C12. (a) a fresh film and (b) after 16 months. 
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 2. 15. 4. Nanostructure of PdBrMalC12 
 In 2000’s, Kimizuka and co-workers reported the hybrids of MX-chain and various 
amphiphilic sulfonates can form a variety of nanostructures, which has been visualized by scanning 
electron microscope (SEM) and tunneling electron microscope (TEM) techniques. For instance, fiber-
30 and honeycomb-like32 nanostructures were found on the casted films with different amphiphilic 
anions. As they did not study the MX-chains with MalCn– anions, it would be interesting to investigate 
a nanostructure of PdBrMalC12. In this context, a TEM observation was conducted on PdBrMalC12 
casted on a grid from its chloroform dispersion. 
 Sample preparation was done as follows: 3 mg of PdBrMalC12 was suspended in 1 ml of 
chloroform and heated until a transparent pale yellow solution was produced. It was rapidly cooled 
down in a liq. N2 bath to be frozen. After naturally warmed up to room T, the resulting dark-green 
solution (with some precipitate) was casted on a copper grid. The grid was dried under vacuum and 
used for the TEM measurement. 
 TEM measurement was conducted on JEOL JEM2100F with an acceleration voltage of 200 
kV. This measurement was kindly supported by Dr. Takamichi Miyazaki at Graduate School of 
Engineering, Tohoku University. 
 A representative TEM image of PdBrMalC12 is shown in Figure 2-36a. A lot of plate-
shape objects stacked with each other can be seen. Taking the corresponding energy disperse X-ray 
(EDX) spectrum (Figure 2-36b) into account, the plate-shape objects in Figure 2-36a are the 
nanostructures of PdBrMalC12. Their lengths were briefly estimated to be 300 nm–4 μm. The size 
distribution could not be determined in the present work. A fast Fourier transformation (FFT) map was 
briefly checked, finding a characteristic diffraction image. But no detailed analyses was performed. 
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Figure 2-36. (a) TEM image of PdBrMalC12 casted from chloroform dispersion solution. Scale bar: 
500 nm. (b) EDX spectrum. Peak assignments: 1, C Kα and Pd Mζ; 2, Cu Lα; 3, Br Lα, Lβ and Lλ; 
4, Pd Lα, Lβ, Lλ and Lρ; 5, Cu Kα; 6, Cu Kβ. 
 
 
 Comparing the current result on PdBrMalC12 with the previous work by Kimizuka et al.,30 
where PtClSucC16 have been investigated, we can now recognize a plate-like morphology, which 
obviously reflects the morphology of bulk crystal, more visibly. In the literature, Kimizuka et al. 
speculated and discussed the assembly structure in PtClSucC16 nanocrystals. While they presumed 
that either hexagonal or lamella arrangement constructed bundles in the nanostructures, they did not 
conclude which was the real arrangement. On the other hand, the PdBrMalC12 nanocrystals should 
be composed of a lamella arrangement because (1) the morphologies of the single crystal and the 
nanocrystal are same and (2) the SXRD analysis proves a formation of lamella structure. Therefore, 
the present work could clarify an assembly structure of a MX-chain material in the nanocrystalline 
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2. 16. Further insight into an effect of chemical structure of the amphiphilic counterion  
 As mentioned in the section 2. 13, it was found that PdBrSucCn and PdBrMalCn showed 
the similar inclination in their TC–n plots, while the absolute TC were different. This feature could 
made us assume that the effective chemical pressure contributing to shrink the Pd–Br chain not only 
depended on the lengths of alkyl chains but also the chemical skeleton of the dicarboxylates. Moreover, 
as discussed in the section 2. 14, the difference of such chemical skeleton may affect the HB patterns 
among the [Pd(en)2Br] chains, crystallization waters and sulfonate groups of couterions, which could 
be an important factor for an occurrence of the MV–AV phase transition. Following this idea, a similar 
counterion, GluCn– (see Figure 2-1) were synthesized and utilized for preparation of Pd MX-chains, 
[Pd(en)2Br](GluCn)2 (PdBrGluCn). Unfortunately, it has not been succeeded in obtaining single 
crystals of a series of PdBrGluCn, maybe because of steric effect which makes crystal packing bad. 
Black-green tiny polycrystalline products of PdBrGluC9, however, could be collected, which was 
used for briefly estimating an electronic state of PdBrGluC9. The electronic state was investigated 
by means of an UV–Vis–NIR absorption spectroscopy. As explained in the section 2. 12, an estimation 
of ECT is helpful for us to get information about the electronic states and the structures of MX-chains 
because ECT is related to L. 
 UV–Vis–NIR spectrum of PdBrGluC9 was acquired at room T. Tiny crystals of 
PdBrGluC9 were diluted with KBr to an appropriate concentration, and the mixture was presses into 
a pellet. The pellet was isolated and directly applied to the measurement. The absorption spectrum is 
shown in Figure 2-35 (green solid line). From the peak top energy, ECT of PdBrGluC9 at room T was 
estimated to be ca. 1.22 eV. For comparison, another three compounds were subjected to the same 
measurement. As shown in Figure 2-35, PdBrSucC5, PdBrSucC9 and PdBrMalC12 (red, blue and 
black solid lines, respectively) showed a broad absorption band in the photon energy range of 0.6–1.1 
eV. Details are summarized in Table 2-25. Herein, PdBrSucC5 is in an MV state at room T,3 and that 
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PdBrSucC93 and PdBrMalC12 are in an AV state at the same T. In addition, as ECT is almost constant 
at U in an AV state, PdBrSucC9 and PdBrMalC12 should have a close ECT. Comparing the absorption 
spectra between PdBrSucC9 and PdBrMalC12, their ECT are comparable at ~0.65 eV, which is 
consistent with the intrinsic ECT of Pd(III) MX-chains (~0.6 eV; see section 2. 12. 1), whereas slight 
blue shift and broadening of the spectrum are visible in PdBrSucC9. Basically, these are attributed to 
diffuse scattering due to larger particles in the pellet. Therefore, as can be seen in Figure 2-35, both 
PdBrSucC9 and PdBrMalC12 should be in an AV state at room T with the ECT of ~ 0.6 eV. 
On the other hand, PdBrSucC5 is in an MV state at room T, and has ECT of 0.86 eV based on the 
optical conductivity spectrum.3 In Figure 2-37 (red solid line), the peak maximum is detected at 
approx. 1.00 eV, which is much higher than the reported value. As mentioned above, this is probably 
a result of blue shift due to diffuse scattering. It should be noted that Pd MX-chains are in an MV state 
if they exhibit ECT larger than PdBrSucC5 at room T. From this viewpoint, the ECT of PdBrGluC9 at 
1.22 eV clearly indicates that this compound is in an MV state at room T. This fact is obvious even 
when it is compared with PdBrSucC9, which is composed of the same alkyl chain length, n = 9. 
Therefore, PdBrGluCn will show a different phase diagram with PdBrSucCn and PdBrMalCn, and 
it will be fascinating to investigate the relationship between crystal structures and TC of the three series 













Figure 2-37. UV–Vis–NIR absorption spectra of four Pd MX-chains in KBr pellets. Red, PdBrSucC5; 
blue, PdBrSucC9; black, PdBrMalC12; green, PdBrGluC9. Inverse triangles point the peak tops 
attributed to ECT. 
 
 
Table 2-29. ECT of four Pd MX-chains evaluated from the absorption spectra using KBr pellet. 
Compound ECT (KBr pellet)† / eV ECT (another method) / eV Electronic state at room T 
PdBrSucC5 1.00 0.86 (optical conductivity)‡ MV state‡ 
PdBrSucC9 0.69 no reports AV state‡ 
PdBrMalC12 0.64 0.60 (hybrid film)§ AV state§ 
PdBrGluC9 1.22 – MV state 
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2. 17. Conclusion 
 In this chapter, synthesis and characterization of PdBrMalCn were described. Furthermore, 
a fabrication of thin film material aiming at practical application was demonstrated. 
 Fundamental studies were carried out mainly on PdBrMalC7. An SXRD study revealed 
that PdBrMalC7 was in an AV state even at room T. It is an interesting finding that a single crystal 
structure of Pd MX-chain in an AV state at room T has been determined, for the first time. 
Further physical measurements at various T indicated that PdBrMalC7 underwent a reversible AV–
MV transition at TC ≈ 308 K. Estimation of TC was also conducted on PdBrMalC5 and PdBrMalC6. 
In particular, VT FT-IR measurements showed that in a series of PdBrMalCn, TC systematically 
increased with an increase in n, as similar to the series of PdBrSucCn. Interestingly, TC in 
PdBrMalCn was greater than that in PdBrSucCn by ~45 K when they were compared to each other 
with the same n. This fact indicates that a simple modification of counterion from SucCn– to MalCn– 
demonstrates a structural perturbation contributing to changing TC in the Pd MX-chains. 
The origin of the change in TC was considered by comparing the single crystal structures 
between the Pt analogues, PtBrMalC6 and PtBrSucC6, at the same T. There were mainly found two 
differences; (1) the HB network patterns among [Pt(en)2Br]∞, SO3– and H2O, and (2) the interchain 
distances. Therefore, the origin can be attributed to these changes, inducing a chemical pressure arising 
from a change of the symmetry of counterions. 
 Not only bulk crystalline materials but also a hybrid thin film material could be prepared by 
elongating alkyl chains, n, up to 12. The hybrid thin film TF-C12 was confirmed to be in an AV state 
with maintaining its bulk state. Hence, TF-C12 is really promising for practical optical switching. 
 In the last context, an effect of introducing GluCn– was briefly demonstrated. Based on the 
electronic spectra using KBr pellets, it was indicated that the Pd MX-chains likely felt the chemical 
pressure in the following order: MalCn– > SucCn– > GluCn–. 
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Chapter 3. 1D CPs: Enhancement of the charge-density-
wave amplitudes in MX-chains toward the discrete limit 
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3. 1. Chapter introduction 
 An MV state of MX-chains is physically regarded as a charge-density-wave (CDW) state. 
In Figure 3-1, a CDW is schematically illustrated, in which electronically rich and poor sites are 
alternately aligned with, conventionally, one- or two-dimensional periodicity. In other words, a CDW 
state is regarded as a broken symmetry state of a metal. The CDW state has attracted attentions from 
the viewpoint of physical interests, such as nonlinear conductivity behavior due to a collective motion 
of CDW.1,2 Moreover, many efforts have been paid to visualize the CDW by means of scanning tunnel 
microscope (STM) so far.3–8 
As mentioned in Chapter 1, strictly, the valence of M ion is not integer (2+, 3+ or 4+) but 
should be expressed as (3±ξ)+, where 0 ≤ ξ ≤ 1, in the MX-chains. Here, ξ is the degree of valence 
disproportionation. Indeed, a wide range of ECT arises from this nature. If ξ is exactly zero, i.e. the 
MX-chain compound is in an AV state, the CDW vanishes. Therefore, ξ can be regarded as an 
amplitude of CDW. In a large family of MX-chains having MV states, the CDW amplitudes have been 
evaluated by comparing the parameter d, which is expressed as 
𝑑 = (𝑙1 − 𝑙2) (𝑙1 + 𝑙2) = (𝑙1 − 𝑙2) 𝐿⁄⁄                     (3-1) 
, where l1 and l2 stand for the longer M2+–X and the shorter M4+–X bond lengths, respectively. L is the 
nearest neighbor M–M distance, i.e. 𝐿 = 𝑙1 + 𝑙2  if the M–X–M angle is 180°. Although the 
parameter d can be used for comparison of the relative CDW amplitude among two or more materials, 
no methods have been established to determine an absolute CDW amplitude. In my master thesis, 15N 
solid-state NMR was taken into consideration as a candidate for the strong tool to quantify the CDW 
amplitude9 (ξ). Therein, the differences in two 15N (assigned to diamines coordinating to M(3–ξ)+ and 
M(3+ξ)+ ions) chemical shifts (Δδ(15N)) observed in each Pd–Br MX-chain were plotted as a function 
of L, as shown in Figure 3-2, exhibiting a good exponential correlation. However, lacks of the plots 
in the middle and longest L region (yellow shaded areas) make the results less evident. Developments 
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of new MX-chains, hence, having a variety of L are desired. Moreover, an MX-chain compound having 
a very long L may exhibit novel chemical and physical properties, while recent progress in MX-chains 
mainly focuses on creating Pd(III) and Pt(III) AV state by shortening L.10–13 
 In this chapter, syntheses and characterizations of a series of MX-chains, formulated as 
[MII(en)2][MIV(en)2X2](ReO4)4 (M = Pd and Pt; X = Br and I), will be presented. Owing to the large 
ionic size of perrhenate ion, ReO4–, an elongation of L is readily promised, which provides a larger 
CDW amplitude than that so far provided. 
 
 
Figure 3-1. Schematics of CDW. Yellow circles express the lattice sites, which form dimerizing pairs 
(green ellipses) aligning uniformly. Blue waving line depicts the electron density at the coordination 




Figure 3-2. Correlation between Δδ(15N) and the nearest-neighbor Pd–Pd distance (L) among Pd–Br 
MX-chains.9 Yellow shaded areas indicate the unstudied regions. Gray solid line is the fitting using 
an exponential approximation: ∆𝜹( 𝐍𝟏𝟓 ) = 𝜟∞[𝟏 − 𝐞𝐱𝐩⁡{−𝜷(𝑳 − 𝑳𝟎)
𝟐], where Δ, β and L0 stand for 
Δδ(15N) at the discrete limit, fitting parameter and L at Δδ(15N) = 0. Vertical axis on the right side 
describe the degree of charge transfer deduced from the fitting result. 
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3. 2. Experimental details 
 Single crystal X-ray diffraction (SXRD) study. SXRD measurements were carried out 
on a Bruker APEX II diffractometer with graphite-monochrome Mo Kα radiation (λ = 0.7107 Å) 
equipped with a CMOS detector. Crystals were attached to a glass capillary using Apiezon H Grease 
(M&I Materials Ltd.). Basically, the room-T measurements were performed without nitrogen flow. 
The initial structures were determined by direct method, and the refinements were performed using 
the least squares methods using the SHELX program14 within the Yadokari-XG 2009 interface.15 
 
 Powder X-ray diffraction (PXRD) study. PXRD data were collected using a Bruker D2 
PHASER with a Cu Kα radiation (λ = 1.5405 Å). Measurements were carried out at room T using a 
glass substrate. The data were subjected to skip Kα2 contributions before plotted. 
 
 Fourier transformation infrared (FT-IR) spectroscopy. FT-IR spectra were measured 
on a JASCO FT/IR-4200 with an attenuation total reflection (ATR) configuration equipped with a 
ZnSe prism at room T. 
 
 Ultraviolet–visible–near infrared (UV–Vis–NIR) spectroscopy. UV–Vis–NIR diffuse 
reflectance spectra were recorded at room T with a Shimadzu UV-3100 spectrometer equipped with 
an integrating sphere. Powder BaSO4 was used as a 100% reflectance standard. Measurement samples 
were prepared by diluting with BaSO4, so that the raw reflectivity did not exceed 0%. 
 
 Thermal analysis. TG/DTA measurements were performed on a Shimadzu DTG-60H. 
Measurements were carried out from 300 to 823 K at a scan rate of 5 K min–1 under nitrogen 
atmosphere. DSC measurements were performed on a Shimadzu DSC-60 Plus. Scan rate was 20 K 
- 120 - 
 
min–1 for all measurements. α-Al2O3 was used as the reference material for both measurements. 
 
3. 3. Synthesis 
 [Pt(en)2]I2. PtI2 and excess amount of ethylenediamine (en) were mixed in water, and the 
black suspension was stirred for several hours under reflux. After the suspension turned into an almost 
transparent solution, it was cooled down to room T and filtered. The filtrate was concentrated by using 
rotary evaporator, affording colorless solid residue. The solid was recrystallized from water/acetone, 
and the colorless precipitate was collected, washed with a large amount of acetone, and dried in vacuo. 
Colorless solid was yielded in >80% yield. 
 
 [PtII(en)2][PtIV(en)2I2](ClO4)4.16 [Pt(en)2]I2 was dissolved in water, which was then 
divided into 2 vials in the same volume. One of them was added a MeOH solution of stoichiometric 
amount of I2, followed by stirring under heating for 1 h. The resulting red solution was combined with 
[Pt(en)2]I2 aqueous solution in another vial. To the mixed solution was slowly added 70% HClO4, 
affording shiny precipitate. The product was recrystallized from diluted HClO4 solution to yield gold 
plate-shape crystals having metallic luster. Yield up to ~80%. 
 
 [PdII(en)2][PdIVBr2(en)2](ReO4)4 (1PdBr). The objective material could be prepared by 
two procedures shown below. Note that the products prepared by Method 1 were used for every further 
measurement later discussed. 
 Method 1 [typically #15-205]. [Pd(en)2]Br2 (40 mg; 0.103 mmol) and NH4ReO4 (10 mg; 
0.037 mmol) were dissolved in 2.0 ml of water. To the solution was diffused Br2 gas from MeOH 
solution, affording shiny brown plates within 5 min. Br2 diffusion was allowed to continue overnight, 
yielding bronze plate-shape crystals. They were collected by suction filtration, washed with MeOH 
and dried in air. Yield 5–15 mg, typically. Anal. Calcd. for C4H16BrN4O8PdRe2: C, 5.95; H, 2.00; N, 
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6.94. Found: C, 6.244; H, 1.909; N, 6.968. 
 Method 2 [#15-128]. In a microtube 19 mg of NH4ReO4 (0.070 mmol) was dissolved in 0.4 
mL of bromine water diluted with water to 50% concentration. On the solution was layered 0.2 mL of 
distilled water, and saturated 50% methanol solution of [Pd(en)2]Br2 (0.4 mL) was further layered 
carefully. In fact, the layering was not perfect, that is, bronze shiny precipitates appeared during the 
procedure. After the diffusion of solutions completed, bronze plate-shape crystals were collected and 
analyzed by means of SXRD. 
The same crystal was also obtained by the following procedure: [Pd(en)2]Br2 (34 mg; 0.088 
mmol) was dissolved in 0.4 ml of water, and 3 droplets of bromine water was added. 0.5 ml of 
NH4ReO4 aqueous solution (0.1 M) was carefully added into the microtube. Bronze shiny needles start 
to grow immediately. Products were collected after diffusion completed; red-brown needle-like 
crystals and brown-green thin plate-like crystals could be found through optical microscope. 
 
 [PtII(en)2][PtIVBr2(en)2](ReO4)4 (2PtBr). 43 mg of [Pt(en)2]Br2 (0.099 mmol) and 63 mg 
of [PtBr2(en)2]Br2 (0.099 mmol) were dissolved in 7.5 ml of water to afford yellow solution. Solid 
NH4ReO4 (26 mg; 0.097 mmol) was added into the solution, and the mixture was subjected to heat 
until all solids dissolved. It was allowed to be slowly cooled down to room temperature. After 
overnight, orange plate-shape crystals were collected, washed with MeOH and dried in air, yielding 
30 mg of the title compound (0.033 mmol; 68%). Anal. Calcd. for C4H16BrN4O8PtRe2: C, 5.36; H, 
1.80; N, 6.26. Found: C, 5.072; H, 1.743; N, 6.248. 
Note: The quality of the crystals depends on cooling rate. Rapid cooling to room temperature can 
afford needle-like crystals but curving. If you proceed this crystallization on a hot plate, you had better 
to keep the solution temperature “warm” before some crystals appear. 
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 [Pt(en)2][PtI2(en)2](ReO4)4 (3PtI). Two methods were attempted to this material. Based 
on the PXRD analysis, both products were structurally the same and phase pure. 
Method 1. To a 3.4 ml of hot aqueous solution of [Pt(en)2][Pt(en)2I2](ClO4)4 (22 mg; 0.034 mmol Pt 
units) was added NH4ReO4 (28 mg; 0.104 mmol). 6.6 ml of water was further added as gold shiny 
precipitate was immediately formed, and the mixture was heated again. Solid residue was filtered off 
through cottons, and yellow filtrate was subjected to be slowly cooled down to room temperature. 
After overnight, 23 mg (0.024 mmol per one Pt unit) of gold needle-shape crystals were collected. 
70% yield based on the number of Pt. Anal. Calcd. for C4H16IN4O8PtRe2: C, 5.10; H, 1.71; N, 5.94. 
Found: C, 5.324; H, 1,656; N, 5.958. 
Note: The stepwise addition and heating are actually unnecessary. The complication is because of the 
first trial. 
 Method 2. [#15-198] 50 mg of [Pt(en)2]I2 (0.088 mmol) and 50 mg of NH4ReO4 (0.186 
mmol) were dissolved in 11 ml of water. I2 was slowly vaporized from its MeOH solution and diffused 
into the first solution, yielding 47 mg (0.049 mmol, 55% yield based on [Pt(en)2I2]) of gold needle-
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3. 4. Crystal structure 
 3. 4. 1. [PdII(en)2][PdIVBr2(en)2](ReO4)4 (1PdBr) 
 The X-ray single crystal structure of a crystal obtained from Method 1 (1PdBr) is shown in 
Figure 3-3. For the crystallographic data, see Table 3-1 and 3-2. The structure was determined at room 
T in triclinic 𝑃1̅ system. The 1D Pd–Br chains are constructed along the a-axis. It should be noted 
that the site occupancy of Br atom is fixed at 0.5, so that only one Br exists between the neighboring 
Pd sites in reality. It should be also noted that this 1D chain is not linear but zigzag with the Pd–Br–
Pd bridging angle, (Pd–Br–Pd), of 172.56(5). In addition, note that the longer Pd–Br distance is 
3.5903(11) Å, which is longer than a sum of ionic radii of Pd and Br ions. According to a literature by 
Keller and co-workers,17 however, which have studied a crystal structure of [Pt(ea)2][PtBr2(ea)4]Br4 
(ea: ethylamine), a longer Pt2+–Br distance of 3.811(7) Å is likely able to make a coordination bond. 
As ionic radii of Pd and Pt ions are competitive (Pd2+/Pt2+, 0.80 Å; Pd4+/Pt4+, 0.65 Å),18 a Pd–Br 
distance of 3.5903(11) Å found in the present study should be regarded as a coordination bond, 
indicating a formation of infinite and zigzag ···Pd2+—Br–Pd4+–Br—Pd2+—Br–Pd4+··· chain. 
Regarding the conformation of the en ligands, every Pd(en)2 unit has a {δ,λ} conformation (see Figure 
3-4). 
Looking at Figure 3-3 (c) and (d), N–H···O hydrogen bonds (HBs) formed between en 
ligand and ReO4– counterion are depicted as red broken lines. Here is described that O1, O2, O3 and 
O4 atoms in the ReO4– moiety are likely to contribute to HBs with one, two, three (or two) and one 
(or no) amine hydrogen atoms, respectively, whereas some of them seem weak, in particular, N–
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Figure 3-3. Crystal structure of 1PdBr. (a) and (b) depict the crystal packings viewed from the b- and 
a-axis, respectively, in which hydrogen atoms are omitted for clarity. (c) and (d) highlight the N–
H···O hydrogen bonds by blue broken lines. In (c) and (d), hydrogen atoms bonding to carbon atoms 
are omitted for clarity. C, black; H, white; Br, brown; N, blue; O, red; Pd, lime; Re, pink. Pale blue 




Figure 3-4. Definition of δ- and λ-conformation of the en ligand. C, gray; N, blue; Pd, green. 
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Table 3-1. Crystal data of 1PdBr 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 



























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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Table 3-2. Selected bond lengths and angles in 1PdBr 























3. 4. 2. Polymorph of 1PdBr, [PdII(en)2][PdIVBr2(en)2](ReO4)4 (1’PdBr) 
 Upon synthesis following Method 2, some beautiful bronze plate-shape crystals were grown. 
SXRD analysis of those crystals afforded a polymorphic product of 1PdBr. This polymorphic product 
will be hereafter abbreviated as 1’PdBr. As shown in Figure 3-5, and Table 3-3 and 3-4, 1’PdBr 
crystallized in orthorhombic P21212 system. The linear Pd–Br chains are grown along the c-axis, being 
different from 1PdBr crystallizing in triclinic 𝑃1̅. In contrast to 1PdBr, 1’PdBr is composed of 
Pd(en)2 moieties with a {δ,δ} conformation. 
 The HB pattern in 1’PdBr is also different from that in 1PdBr (Figure 3-5 (c) and (d)). In 
1’PdBr, a perrhenate ion (ReO4–) is forming five HBs with the adjacent en ligands, being competitive 
with or less than 1PdBr. On the other hand, the HB network is extended isotropically, different with 
1PdBr, which may attribute to more stiff packing structure through HB interactions. Thus, it should 
be interesting to calculate and compare the lattice free energies between 1PdBr and 1’PdBr. 
 
 







Figure 3-5. Crystal structure of 1’PdBr. (a) and (b) depict the crystal packings viewed from the a- 
and c-axis, respectively, in which hydrogen atoms are omitted for clarity. (c) and (d) highlight the N–
H···O hydrogen bonds by blue broken lines. In (c) and (d), hydrogen atoms bonding to carbon atoms 
are omitted for clarity. C, black; H, white; Br, brown; N, blue; O, red; Pd, lime; Re, pink. Pale blue 
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Table 3-3. Crystal data of 1’PdBr 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 


























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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Table 3-4. Selected bond lengths and angles in 1’PdBr 



























 3. 4. 3. [PtII(en)2][PtIVBr2(en)2](ReO4)4 (2PtBr) 
 The crystal structure of 2PtBr at room T is shown in Figure 3-6. Here is noted that most of 
2PtBr crystals which I tried to measure seemed to easily form twin domains, not likely the other 
compounds. Although an optimization crystallization condition may interfere the twinning, it has not 
been achieved up to now. Crystallographic data and selected bond lengths and angles are shown in 
Figure 3-5 and 3-6. As can be seen, 2PtBr is isostructural to 1PdBr. But in detail, the 1D chain feature 
is slightly different from that of 1PdBr. That is, based on the position of Br ion, 2PtBr looks more 
linear than 1PdBr; for example, the Pt–Br–Pt angle of 174.30(5) is closer to 180 than the Pd–Br–
Pd angle of 172.56(5). As same as 1PdBr, a ReO4– ion is forming seven N–H···O HBs with adjacent 












Figure 3-6. Crystal structure of 2PtBr. (a) and (b) depict the crystal packings viewed from the b- and 
a-axis, respectively, in which hydrogen atoms are omitted for clarity. (c) and (d) highlight the N–
H···O hydrogen bonds by blue broken lines. In (c) and (d), hydrogen atoms bonding to carbon atoms 
are omitted for clarity. C, black; H, white; Br, brown; N, blue; O, red; Pt, gold; Re, pink. Pale blue 
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Table 3-5. Crystal data of 2PtBr 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 



























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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Table 3-6. Selected bond lengths and angles in 2PtBr 
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 3. 4. 4. [PtII(en)2][PtIV(en)2I2](ReO4)4 (3PtI) 
 3PtI at room T is also described as an isostructural materials to 1PdBr and 2PtBr, as shown 
in Figure 3-7 and Table 3-7 and 3-8. An I– ion in 3PtI is also located at the displaced position from 
the linear one between the nearest-neighbor Pt ions, but the 1D chain exhibits the best linearity among 
the three compounds (the Pt–I–Pt angle is 177.50(6)) due to the biggest ionic radius of soft I– ion. 
Also, the HB pattern shown in Figure 3-7 (c) and (d) is basically the same as that of 1PdBr and 2PtBr.  
 
 
Figure 3-7. Crystal structure of 3PtI. (a) and (b) depict the crystal packings viewed from the b- and 
a-axis, respectively, in which hydrogen atoms are omitted for clarity. (c) and (d) highlight the N–
H···O hydrogen bonds by blue broken lines. In (c) and (d), hydrogen atoms bonding to carbon atoms 
are omitted for clarity. C, black; H, white; I, purple; N, blue; O, red; Pt, gold; Re, pink. Pale blue 
dotted lines express the unit cell. 
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Table 3-7. Crystallographic data of 3PtI 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 



























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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Table 3-8. Selected bond lengths and angles in 3PtI 
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3. 4. 5. Comparison of the crystal structures 
 Table 3-9 summarizes some structural parameters related to the 1D-chain features. Based 
on the current SXRD analyses, the metal–metal distance, L, were very similar among the three triclinic 
systems, i.e. 1PdBr, 2PtBr and 3PtI. From the viewpoint of (M–X–M), it decreased in an order of 
3PtI > 2PtBr > 1PdBr. To my best knowledge, in the MX-chains so far reported, Pt–I chains have 
most likely formed the zig-zag chains depending on the size and the shape of counterion used. 
However, a series of the perrhenate salt in the present study is not following such case. This is probably 
because a large perrhenate ion is the best suitable for the combination of large platinum and iodide 
ions, among the three analogues. 
 Now, the correlations of the structural features will be compared with the reported MX-
chains. Fundamentals of these correlations are also described in Chapter 1. For the data of the reference 
compounds shown in Figure 3-8 and 3-9, see Table 3-10. First, the relationship between the M–X 
distance (l1,2) and the M–X one (L) is plotted (Figure 3-8). As can be seen, those of the ReO4 analogues 
in this study, plotted as yellow diamonds, obey the correlation. The parameter d is further plotted as a 
function of L (shown in Figure 3-9), also obeying the correlation. It is noted that the parameter d 
should be different between the situations where the calculation is performed using either the actual 
nearest-neighbor M–M distance shown in Table 3-9 or the sum of l1 and l2 (l1 + l2) as L because the 
M–X–M line is bent; however, the actual difference between the parameter d calculated by both 
methods are negligibly small in the present case. Here should be emphasized that the fact that these 
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Figure 3-8. Correlation between M–X distance (l) and M–M one (L). Green circle, Pt–Cl; pink circle, 
Pt–Br; blue circle, Pt–I; green triangle, Pd–Cl; pink triangle, Pd–Br; green square, Ni–Cl; pink 
square, Ni–Br; yellow diamond, ReO4 analogues studied in the present study. Green, red and blue 




Figure 3-9. Correlation between the parameter d and M–M distance (L). Green circle, Pt–Cl; pink 
circle, Pt–Br; blue circle, Pt–I; green triangle, Pd–Cl; pink triangle, Pd–Br; green square, Ni–Cl; 
pink square, Ni–Br; yellow diamond, ReO4– analogues studied in the present study. Green, red and 
blue thick solid lines are the guides for the eyes, drawing the linear relationships in Cl-, Br- and I-
bridged compounds, respectively. 
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Table 3-9. Structural parameters of the ReO4-analogous compounds related to the 1D-chain features 
Compound 1PdBr 1’PdBr 2PtBr 3PtI 
L (M–M) (Å) 6.0474(3) 5.7702(5) 6.0602(3) 6.0523(12) 
l1 (M2+–X) (Å) 3.5903(11) 3.2907† 3.5940(12) 3.3434(10) 
l2 (M4+–X) (Å) 2.4695(11) 2.4795† 2.4734(12) 2.7104(9) 
(M–X–M) () 172.56(5) 180.000(2) 174.30(5) 177.50(6) 
d (L)‡ 0.18533 – 0.18491 0.10458 
d (l1 + l2)§ 0.18495 0.14060 0.18469 0.10456 
†Averaged values of the corresponding Pd–Br distances. 
‡The parameter d calculated by using L as denominator. 
§The parameter d calculated by using (l1 + l2) as denominator. 
 
 
Table 3-10. Structural parameters of the ReO4-analogous compounds related to the 1D-chain features 
Entry Formula L / Å l1 / Å l2 / Å d ECT / eV 
1† [Pt(chxn)2Cl](ClO4)2 5.730 3.416 2.314 0.192 3.20 
2† [Pt(en)2Cl](ClO4)2 5.403 3.085 2.318 0.142 2.73 
3† [Pt(chxn)2Cl]Cl2 5.158 2.834 2.324 0.099 1.99 
4† [Pt(en)2Br](ClO4)2 (i) 5.695 3.208 2.487 0.127 2.40 
5† [Pt(en)2Br](ClO4)2 (ii) 5.493 3.006 2.487 0.094 1.98 
6‡ PtBrSucC6 5.379 2.895 2.484 0.076 – 
7† [Pt(chxn)2Br]Br2 5.372 2.882 2.490 0.073 1.40 
8† [Pt(en)2I](ClO4)2 5.987 3.273 2.714 0.063 1.38 
9†,§ [Pt(chxn)2I]I2 5.672 2.956 2.716 0.042 0.94 
10# [Pt(chxn)2I](ClO4)2 5.820 3.094 2.726 0.093 1.83 
11† [Pd(en)2Cl](ClO4)2 5.357 3.033 2.324 0.130 2.05 
12† [Pd(en)2Br](ClO4)2 5.407 2.911 2.496 0.075 1.13 
13$ PdBrSucC5 (293 K) 5.307 2.790 2.518 0.051 0.87 
14$ PdBrSucC5 (130 K) 5.211 2.606 (PdIII–Br) 0 0.59 
15† [Pd(chxn)2Br]Br2 5.296 2.773 2.523 0.047 0.75 
16† [Ni(chxn)2Cl]Cl2 4.894 2.447 (NiIII–Cl) 0 1.83 
17† [Ni(chxn)2Br]Br2 5.160 2.580 (NiIII–Br) 0 1.28 
†Ref. 19 and references therein. ‡Ref. 20. §Ref. 21. #Private discussion. $Ref. 10. 
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 3. 4. 6. Powder X-ray diffraction (PXRD) patterns 
 PXRD analyses were performed on 1PdBr, 2PtBr and 3PtI to confirm their phase purities, 
i.e., absence of polymorphic structure. The obtained PXRD patterns are shown in Figure 3-10. For 
measurements on 1PdBr and 3PtI, the samples prepared by Method 1 were used. In the shown figures 
are not subtracted backgrounds, so that the diffraction peaks of the halo are included because a glass 
substrate has been used for measurements. In comparisons with the simulated patterns from the CIF 
files, it is found that the experimental data are really consistent with the simulated data, indicating 
phase purity in every sample. Only a difference in the peak intensity ratio is visible, which arises from 
the preferred orientation phenomenon. 
 The PXRD measurements were also conducted on the products taken from the same batch 
from which the 1’PdBr crystal was collected (Figure 3-11). At first, the initially yielded tiny crystals 
were ground in advance of the measurement (black solid line). Compared with the simulated pattern 
for 1’PdBr (blue solid line), the experimental data does not match well. For example, a peak at 2θ = 
14.5° is not visible in the simulated data. However, this peak can be assigned to (0 1 1) reflection of 
1PdBr (red solid line), whereas several peaks which may be attributed to 1’PdBr are also seen, such 
as a peak at 2θ = 20.3° possibly attributable to (1 3 0) reflection of 1’PdBr. The product yielded by 
Method 2 is thus the mixture of two or more compounds. On the other hand, a measurement was 
carried out by using unground tiny crystalline sample (green solid line), as a structural transformation 
resulted from the grinding was possible. Of course, peak intensity ratios are quite difference from 
those in the ground sample (black) due to preferred orientation and inequivalent exposure of each 
crystal plane. In this profile, the (0 0 1) reflection of 1PdBr is clearly observed even without grinding, 
indicating that at least two different phases are produced during the synthesis, and that the major 
product is 1PdBr. Summarizing the synthesis, the P21212-type material could not be isolated; therefore, 
further analyses of physical properties were performed only on P-1 systems, 1PdBr, 2PtBr and 3PtI. 
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Figure 3-10. PXRD patterns of (a) 1PdBr, (b) 2PtBr and (c) 3PtI measured at room T. Black lines, 
experimental data; red lines, simulated pattern. 
 
 
Figure 3-11. PXRD patterns of the products taken from the same batch from which the crystal of 
1’PdBr was picked up. Black and green solid lines are the experimental data for ground (black) and 
unground (green) samples, respectively. Blue and red solid lines are the simulations for 1’PdBr (blue) 
and 1PdBr (red) structures, respectively. Gray broken lines point the horizontal positions of 1PdBr 
(0 1 1) and 1’PdBr (1 3 0) reflections. 
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3. 5. ATR FT-IR spectra 
 ATR FT-IR spectra were measured on 1PdBr, 2PtBr and 3PtI at room T. As shown in 
Figure 3-12, the three complexes exhibited very similar IR spectra. It should be noted that no ATR 
corrections were performed in these spectra because of low accuracy of the baselines. Thus, the tailing 
seen in Figure 3-12 are maybe due to the different penetration depth depending on wavelength. 
Basically, a strong absorption at 888, 891 and 888 cm–1 for 1PdBr, 2PtBr and 3PtI, respectively, are 
assignable to a vibration of ReO4–. Below 2000 cm–1, the spectra are very similar to that of [Pd(en)2]Br2. 
A line broadening 1584, 1575 and 1592 cm–1, which basically come from the vibration of the amino 
moiety of en ligand, imply a cooperative vibrational mode through the hydrogen-bond interaction with 
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Figure 3-12. ATR FT-IR spectra at room T, shown in the energy range of (a) 4000–550 cm–1 and (b) 
3500–2600 cm–1. The spectra from upper side; green, 1PdBr; orange, 2PtBr; blue, 3PtI; black, 
[Pd(en)2]Br2; red, NH4ReO4. No ATR corrections regarding the wavelength dependence of 
penetration depth were performed. 
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3. 6. Electronic spectra 
 3. 6. 1. Fundamentals 
 A large family of MX-chain is known to exhibit a wide range of optical gap (ECT) by tuning 
their crystal structures through changing M–X–L–Y combination. Particularly in an MV state, the ECT 
is attributed to the intervalence charge transfer (IVCT) transition from M(3–ξ)+ to neighboring M(3+ξ)+ 
site. Thus 1PdBr, 2PtBr and 3PtI should also exhibit such characteristic IVCT bands. 
 
 3. 6. 2. Diffuse reflectance spectra 
 The diffuse reflectance spectra of 1PdBr, 2PtBr and 3PtI were acquired at room T using 
BaSO4 as a 100% reflectance standard. In all the measurements, BaSO4 was also used as a diluting 
matrix as reflectance sometimes exceeded 0% without dilution. Subsequently, the obtained reflectance 









                            (3-3) 
, where f(r) and r stand for the KM function and the ratio of experimental reflectance between 
reference and sample materials, respectively. The transformed KM functions of 1PdBr, 2PtBr and 
3PtI are shown in Figure 3-12. In each spectrum, a broad and strong absorption band is observed in 
the visible region. While these bands are not likely to consist of a single component, the most intense 
peak tops (pointed by inverted triangles) can be assigned to the IVCT bands, i.e. ECT. Thus, ECT was 
estimated to be 2.46, 3.04 and 1.93 eV for 1PdBr, 2PtBr and 3PtI, respectively. Regarding some 
shoulders and peaks at higher energy region, some electronic transitions, such as d-d transition of M4+ 
site and ligand-to-metal CT (LMCT) from X– to M4+, appear intricately. It is noteworthy that an 
anomalous absorption feature is clearly seen at 1.14 eV in 3PtI (pointed by blue cross). A possible 
origin of this anomalous band is a midgap absorption due to soliton or polaron,22 whereas there are no 
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clear evidences. Further optical investigations will be necessary to clarify this origin. 
 
 
 3. 6. 3. Comparison of ECT with previous works 
 As discussed in the section 3. 3, the relationships of structural features such as bond 
distances obeyed the empirical correlation, whereas the ReO4 analogues studied here exhibit slightly 
bent 1D chains. Hence, it is expected that a relationship between ECT and the parameter d is also 
comparable to the empirical correlation. The correlation between ECT and the parameter d among MX-
chains is shown in Figure 3-13. The data for the ReO4 analogues, plotted by yellow markers, seem to 
be obeying the correlation. This result supports the formations of the 1D chains through the bent M4+–
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Figure 3-12. Normalized Kubelka–Munk function at room T. Black, 1PdBr; red, 2PtBr, blue, 3PtI. 




Figure 3-13. Correlation between ECT and the parameter d. Green circle, Pt–Cl; pink circle, Pt–Br; 
blue circle, Pt–I; green triangle, Pd–Cl; pink triangle, Pd–Br; green square, Ni–Cl; pink square, Ni–
Br; yellow circle and triangle, ReO4 analogues studied in the present study. Brown and purple solid 
lines are the guides for the eyes, drawing the linear relationships in Pt and Pd families, respectively. 
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3. 7. Thermal properties 
 3. 7. 1. Thermogravimetric (TG) analysis 
 Figure 3-14 shows the TG/DTA profiles of 1PdBr, 2PtBr and 3PtI. and the estimated 
decomposition temperatures (Tdec) are summarized in Table 3-10. 1PdBr, 2PtBr and 3PtI are 
decomposed at 474.0, 521.9 and 531.2 K, respectively, under nitrogen atmosphere. Below Tdec, no 




Figure 3-14. TG–DTA profiles of (a) 1PdBr, (b) 2PtBr and (c) 3PtI at a T scan rate of 5 K min–1. Red 
and blue lines represent weight percent based on the initial weight and DTA profiles corresponding 
to the left and right vertical axes, respectively. DTA curved are shown only for heating processes. 
 
 
Table 3-10. Decomposition temperature (Tdec) taken from TG analysis. 
Compound 1PdBr 2PtBr 3PtI 
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 3. 7. 2. Differential scanning calorimetry (DSC) 
 Figure 3-15 shows the DSC profiles. In each compound, a pair of reversible DSC anomalies 
was observed at respective T between 338–385 K, as shown in Table 3-11, where TC,↑ and TC,↓ stand 
for the phase transition temperature upon heating and cooling, respectively. With the Pt analogues, 
2PtBr and 3PtI, an occurrence of first-order phase transition is indicated at 354–360 K and 379–385 
K, respectively, with the competitive transition enthalpies (ΔH↑/↓) and entropies (ΔS↑/↓), while TC varies 
depending on the X species. On the other hand, 1PdBr exhibit a similar but broad and weak DSC 
anomalies. In particular, the anomaly is hardly visible upon heating. This is possibly due to the 
difference in M species; however, the detail is still unclear. Now, taking into account the fact that their 
crystal structures are isomorphic, the observed anomalies can be attributed to a phase transition related 
to their crystal structures. In other words, a structural phase transition may occur at high T. 
It is worth noting that [M(en)2][M(en)2X2](ClO4)4 analogues have been reported to undergo 
a structural phase transition near room T; for example, [Pt(en)2][Pt(en)2Br2](ClO4)4 is transformed 
from monoclinic P21/m in low-T to orthorhombic Icma in high-T phase, which is accompanied by a 
conformational change in ethylenediamine (en) moieties.23 Although DSC measurements were also 
performed in the previous work, the detailed results, such as the transition enthalpy and entropy, were 
not shown. Then, a DSC measurement was revisited on [Pd(en)2][Pd(en)2Br2](ClO4)4 in the present 
work to compare with the ReO4 analogues. As shown in Figure 3-16, a pair of strong and sharp DSC 
anomalies could be seen at 260.7 and 273.9 K upon cooling and heating, respectively. In addition, the 
estimated ΔH and ΔS are obviously larger than those obtained for 1PdBr (and also 2PtBr and 3PtI) 









Figure 3-15. DSC profiles 1PdBr (black), 2PtBr (red) and 3PtI (blue) with scan rate at 20 K min–1. 
Upper panel, heating data; lower panel, cooling data. Thick arrows, directing up- and down-sides, 
point exothermic and endothermic anomalies, respectively. 
 
 
Table 3-11. Transition temperature (TC,↑/↓), enthalpy (ΔH↑/↓) and entropy (ΔS↑/↓) estimated from DSC 
profile 

























*ΔH and ΔS are calculated based on one M unit. 
 
 










Table 3-12. DSC results of [Pd(en)2][Pd(en)2Br2](ClO4)4. 
Compound [Pd(en)2Br](ClO4)2 
TC,↑ / TC,↓ (K) 
ΔH↑ / ΔH↓ (kJ·mol–1) 
ΔS↑ / ΔS↓ (J·mol–1·K–1) 
273.9 / 260.7 
6.51 / 6.87 
23.8 / 26.3 
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3. 8. Discussion 
 3. 8. 1. Crystal structure in the high-temperature phase 
 As a result of DSC measurements, 1PdBr, 2PtBr and 3PtI were found to undergo a phase 
transition above room T. Then, a SXRD measurement was performed above TC on 1PdBr to have an 
insight into the origin of the DSC signal. Considering the highest limit of setting T of 100 °C, the data 
set was collected at 99 °C (372 K) 1PdBr. Note that the T was not calibrated specially, so that the 
actual sample T could be lower than those values. 
 As a consequence of the above analyses, no changes in space group (𝑃1̅) and no obvious 
changes in unit cells were detected. However, large anisotropic temperature factors were observed for 
the carbon atoms in the en ligand: the temperature factors were elongated along the chain direction, 
implying a disordered structure. Thus, an optimization of the site occupancy was performed on the 
carbon atoms, affording new Q peaks near the carbons assigned already. Carbon atoms were further 
assigned to two reasonable Q peaks, and the refinement was repeated using isotropic temperature 
factors to the all carbons. It is worth noting that the occupancy did not converge in 0.5. In fact, it 
converged in approximately 0.75±0.1:0.25±0.1 in most of the crystals measured. The finally refined 
crystal structure and the crystallographic data of 1PdBr in the high-T phase are shown in Figure 3-17 
and Table 3-13, respectively. Here is shown the best data so far obtained, where the occupancy of the 
methylene (–CH2CH2–) group has been converged at 0.71:0.29 (black and white spheres, respectively). 
It has not been clarified whether this disordering feature is static or dynamic. There are not seen other 
differences from the crystal structure at room T. Yet, there may be hidden a complicated structural 
transition between 293 K and 372 K; hence, further detailed SXRD study combined with spectroscopic 
investigations is needed for clarifying the origin. 
 
 








Figure 3-17. Crystal structure of 1PdBr at 372 K in a thermal ellipsoid model with 50% probability, 
highlighting the thermally induced disorder of en ligands. Hydrogen atoms and perrhenate 
counterions are omitted for clarity. C, black and white for part1 (occupancy = 71%) and part2 
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Table 3-13. Crystal data for 1PdBr at 372 K 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 



























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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 Now, a relationship between the result of SXRD and thermal analyses should be subjected 
to discussion. Usually, phase transitions related to thermally-induced disordered molecular motion can 
be linked to the transition entropy estimated from DSC analyses. Based on Boltzmann’s equation, 
∆𝑆 = 𝑅⁡ln(𝑊𝐻𝑇 𝑊𝐿𝑇⁄ ), where R stands for the gas constant (= 8.314 Jmol
–1K–1), and WHT and WLT 
are the numbers of microscopic states in the high- and low-T phase related to the focused phase 
transition. According to this equation, we can estimate a value of WHT/WLT, which corresponds to the 
ratio of the number of microscopic states across the transition. In the present study, for 1PdBr, the ΔS 
upon heating and cooling were different and a bit difficult to estimate due to the broad and weak DSC 
signals. If ΔS↓ of 3.59 Jmol–1K–1 is used for calculation at the moment, the WHT/WLT is approx. 1.54. 
As the number of microscopic state in the low-T phase is 1, such non-integer value could not be 
expected. However, as estimated from the SXRD analysis, the partially disordered en ligand is possibly 
consistent with the non-integer value. Regarding 2PtBr and 3PtI, the WHT/WLT could be calculated to 
be 1.9–2.0, which might reflect the change in the number of microscopic state from 1 to 2. Therefore, 
in the two Pt analogues, the en ligand may be completely disordered in two configurations, while it 
has not been detected experimentally yet. 
 Summarizing the phase transition behavior at high T, 1PdBr, 2PtBr and 3PtI seem to 
undergo the similar structural phase transition, in which a disorder of the en ligands occurs at 
respective T like [M(en)2X](ClO4)2.23 Yet, the phase transition is likely not first-order but second-order, 
judged from the broad and weak DSC signals, probably due to an absence of transformation of the 
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 3. 8. 2. Tuning the CDW amplitudes 
 From the viewpoint to tune the CDW amplitude, it can be deduced by comparing the 
parameter d. As shown in Figure x, the parameter d of 1PdBr and 2PtBr, and 3PtI are the largest 
among all the reported Br-bridged and I-bridged MX-chains, respectively. This is greatly indicative of 
the largest CDW amplitudes of those compounds among the MX-chains with the same X analogues. 
Looking back at the topic about the correlation between 15N chemical shift and L, therefore, it will be 
meaningful to acquire the solid-state 15N NMR spectrum of 1PdBr as a model of the discrete limit, 
i.e. a model compound with the longest L with ξ = 1.0. For another point, the parameter d of 0.184–
0.185 estimated for 1PdBr and 2PtBr is comparable with but still smaller than that of 
[Pt(chxn)2][PtCl2(chxn)2](ClO4)4 (d = 0.192)19, which is probably due to (1) a large energy mismatch 
between Pt and Cl or a strong ionic nature of Pt–Cl bond, (2) a bulky chxn ligand which may cause 
steric hindrance, and (3) a relatively large ClO4– anion. In particular, energy mismatch between M and 
X ions. Therefore, in order to further enhance the CDW amplitude, the use of Pt–Cl system and chxn 
ligand instead of en must be promising. Note that a crystallization using a combination of 
Pt/Cl/en/ReO4 has been tried, but the desired product has not been yielded yet. At the moment, the 
reason why the Cl-bridged compound has not been produced is considered to be because of too long 
Pt4+(–Cl)···Pt2+ distance to make a Cl···Pt2+ bond interaction in the chain. In other words, the ionic 
radius of Cl– ion is too small to bridge the neighboring M(en)2 units. Hopefully, a use of chxn ligand 
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3. 10. Conclusion 
 In this chapter, syntheses, crystal structure, and optical and thermal properties of four MX-
chains with perrhenate, ReO4–, were shown. Three of them, 1PdBr, 2PtBr and 3PtI, were found to 
have zig-zag M–X–M–X chain structures, whereas another Pd complex, 1’PdBr, crystallized in a 
linear chain as a minor product. The former three compounds were actually found to have the longest 
M–M distance among the reported MX-chains with the same M–X pair. Moreover, their structural and 
optical properties obey the previously established correlations. From the DSC measurements, the 
former three compounds exhibited anomalies at respective T, indicating phase transitions at high T. 
Indeed, a high-T SXRD analysis on 1PdBr suggested a disordred conformation of en ligands without 
changing the crystal symmetry. Originating from the SXRD study, very large CDW amplitudes could 
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Chapter 4. 3D CP: Tuning mechanical and 
thermodynamic properties in formate-based hybrid 
perovskites with a general formula of AB(HCOO)3: the 
A-site solid solution [NH3NH2]1–x[NH3OH]xZn(HCOO)3 
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4. 1. Beginning remarks 
 The study in this chapter has been done during my visit in Functional Inorganics and Hybrid 
Materials (Prof. Dr. Anthony K. Cheetham) group, Department of Materials Science and Metallurgy, 
the University of Cambridge, UK. I want to thank Prof. Dr. A. K. Cheetham, Dr. Gregor Kieslich and 
Ms. Shijing Sun for their kind experimental supports and fruitful discussions. 
 
4. 2. Chapter introduction 
 Functional solid materials have been intensively investigated for a very long time due to 
their seemingless unlimited number of properties which are interesting for applications, such as 
magnetism, electrical/ionic conductivities, dielectric/ferroelectric/piezoelectric properties, 
luminescence and catalytic activity. In a first stage, the syntheses of a compound and subsequent 
characterizations of the structure and properties are studied. At the next stage, the properties of the 
parent compound are then optimized and to meet certain requirements. The most common approach 
for tuning properties is the preparation of a “solid solution” which was and still is frequently used in 
fields of metal oxides, condensed molecular solids, and so on. One of the most famous solid solution 
materials is the lead zirconate titanate (Pb(ZrxTi1–x)O3; PZT), which is the well-known piezoelectric 
oxide.1 Regarding condensed molecular solids, for example, a variety of lanthanide-based CPs, which 
exhibit luminescent properties sensitive to external stimuli such as temperature.2–5 In addition, MX-
chains, on which were focused in Chapter 2 and 3, had been reported to show the tuned electronic 
states by the solid solution approach6–10; for example, doping some Ni3+ sources into a mixed valence 
Pd(II/IV) MX-chain compound could change its state from the MV to the Pd(III) AV state. Thus, the 
systematic solid solution approaches to materials’ researches are fascinating from the fundamental and 
practical viewpoints. 
 Formate-based organic–inorganic hybrid perovskite (OIHP) is a family of solid-state 
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materials which crystallize in the perovskite-like architectures with general formula of AB(HCOO)3 
(A+, ammonium monocations; B2+, divalent metal ions). Herein, a variety of properties can be achieved 
by combining the components’ characteristics, such as the structure, size, a polarity and hydrogen-
bonding ability of the A+ cation, and electronic features (magnetism and luminescence) of the B2+ 
cation. The formate-based OIHPs have been so far reported to exhibit ferroelectricity11–14 and magnetic 
ordering.15,16 Hence, new materials will appear by modifying the A–B combination. 
 On one hand, the solid solution approach is promising for expanding the materials’ library 
and addressing the preparation of compounds with desired properties. For instance, one may assume 
that mixing paramagnetic and diamagnetic B2+ species produces the materials with controlled 
magnetic properties; Gao et al. have indeed reported a series of Mn2+–Zn2+ mixed formate-based OIHP, 
in which the magnetic ordering length arising from the high-spin Mn2+ ions has been systematically 
tuned.17 Furthermore, the same group recently reported a series of the A-site solid solution, which 
showed the controlled thermodynamic and dielectric properties.18 Note that among the formate-based 
OIHPs, stronger influences to the framework are anticipated in an A-site solid solution than a B-site 
one, definitely causing obvious changes not only in the thermodynamic but also in the mechanical 
properties. From the viewpoint of practical application, the solid materials must not only meet 
magnetic/electric/dielectric/luminescent requirements, but also appropriate mechanical properties 
suitable for the field of application. Thus, it is important to investigate the relationships between the 
structural and mechanical characteristics in the OIHPs and the other dense MOFs. From this viewpoint, 
researches have investigated the mechanical properties of the formate-based OIHPs.19–21 For example, 
their stiffness, i.e. Young’s (elastic) moduli and hardness, depends mainly on their ligand-field 
stabilization energies with BO6 configuration.19 Furthermore, the stiffness can be tuned by A+ 
substitution through the hydrogen-bonding interactions between A+ cations in cavity and [B(HCOO)3]– 
framework.20 Mixing different A+ cations with various ratio, therefore, is expected to enable us to 
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control the mechanical properties of the formate-baesd OIHPs. 
 In this chapter, a series of formate-based OIHP A-site solid solution, [NH3NH2]1–
x[NH3OH]xZn(HCOO)3 (0.0 ≤ x ≤ 0.48), was successfully synthesized, and the x dependences of their 
thermodynamic and mechanical properties were investigated. The end members, 
[NH2NH3]Zn(HCOO)3 [Ref. 14] and [HONH3]Zn(HCOO)3 [Ref. 22], were reported by Gao and co-
workers. As the numbers of hydrogen atoms which can contribute to hydrogen bonds (HBs) are 
differed with each other (5 and 4 hydrogen atoms for NH2NH3+ and HONH3+, respectively), the 
NH2NH3–HONH3 mixed materials are anticipated to exhibit various mechanical features. In addition, 
it needs to be mentioned that, the two OIHPs crystallize in different structural motifs. In fact, 
[NH2NH3]Zn(HCOO)3 crystallizes in a perovskite-like structure,14 while [HONH3]Zn(HCOO)3 adopts 
a chiral structure with hexagonal channels.22 Hence, a systematic change in the composition, x, may 
be able to find the phase boundary between the two structural motifs. Therefore, this work focuses on 
a tuning of the mechanical property in the perovskite phase and an exploration of the perovskite–
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4. 3. Experimental details 
 Starting materials were purchased from Wako, TCI, Aldrich, Fruka, Across, or Fischer and 
used without further purification. 
 
Single-crystal X-ray diffraction (SXRD) study. Low-temperature SXRD measurements 
was carried out at the University of Cambridge using an Oxford Diffraction Gemini A Ultra X-ray 
diffractometer with Mo Kα radiation (λ = 0.71073 Å) at 120 K under nitrogen flow. All non-hydrogen 
atoms were refined anisotropically and hydrogen atoms were refined isotropically. Hydrogen atoms 
were added to chemically reasonable positions found in the Fourier difference map, and then, refined 
with constrained N–H distances (0.890 Å). An absorption correction was performed by applying a 
face-based correction method. Room-temperature SXRD data were collected on a Bruker APEX II 
CMOS diffractometer with graphitemonochrometed Mo Kα radiation (λ = 0.7107 Å) 
 
Powder X-ray diffraction (PXRD). PXRD measurements were carried out on a Bruker 
D8 Advance powder diffractometer with Cu Kα (λ = 1.5402 Å) radiation. All measurements were 
performed at room temperature. Pawley fits23 were performed using a TOPAS software (academic 
version) with the orthorhombic Pna21 symmetry as same as the reported [NH3NH2]Zn(HCOO)3.14 
 
Infrared spectroscopy. Fourier-transformation (FT) infrared (IR) spectra were acquired 
with the attenuated total reflection (ATR) configuration at room temperature.  
 
 Thermal analyses. Thermogravimetry–differential thermal analyses (TG/DTA) were 
carried out on a Shimadzu DTG-60H under nitrogen atmosphere at a scan rate of 4 K min–1. 
Differential scanning calorimetry (DSC) measurements were performed on CHECK. 
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Dielectric measurements. Complex dielectric measurement shown in Chapter 4 was 
carried out with a kind help of Prof. Dr. Hitoshi Miyasaka and Dr. Wataru Kosaka at Tohoku University. 
Dielectric constants in the 0.1−10 kHz frequency range were measured using an Andeen–Hagerling 
2700A capacitance bridge with input voltage amplitude ranging from 0.2 to 15 V (the suitable voltage 
was automatically selected by the instrument). A powder sample (∼5 mg) was compressed into a pellet 
with a diameter of 10 mm and a thickness of ∼0.1 mm and placed between two stainless plates to 
create a parallel-plate capacitor, to which gold wires were attached using gold paste. Measurement 
was carried out in 100 kPa of helium atmosphere. 
 
Nanoindentation. Nanoindentation was performed by using MTS Nanoindenter○R  XP 
(MTS Corp., Eden Prairie, MN). Measurements were carried out at room temperature, and an isolation 
cabinet was equipped so as to minimize thermal instability and acoustic interference. A three-sided, 
sharp pyramidal Berkovich diamond tip with a tip radius of ~100 nm was employed. Mechanical 
responses were deduced based on the method established by Oliver and Pharr.24–26 
 
 
4. 4. Synthesis 
 For the synthesis of the solid solution series, [NH2NH3]1–x[HONH3]xZn(HCOO)3 (0 < x < 
0.48), so-called mild solution technique was used, which was also used for the syntheses of pure 
[NH2NH3]Zn(HCOO)314 and [HONH3]Zn(HCOO)3.22 In the present study, two different procedures 
were actually used, where different starting materials and solvents were mixed at room temperature. 
 Method 1. To a solution of 0.18 g (0.5 mmol) of Zn(ClO4)2·6H2O in 2.5 mL of methanol 
was added a mixture of 1.5 mL (40 mmol) of formic acid, 50% hydrazine aqueous solution and 50% 
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hydroxylamine solution with the total amine amount of 3.0 mmol in 5 mL of methanol. The resulting 
colorless, clear solution was kept undisturbed at room temperature. After two days, the colorless 
crystals were collected, washed with ethanol and dried in air. 
Method 2. In a vial, a mixture of 3.0 mL of formic acid (80.0 mmol), 1.4 mL of 
trimethylamine (10.0 mmol), hydrazine monohydrochloride (N2H5Cl) and hydroxylamine 
hydrochloride (NH4ClO) were dissolved in 10 mL of methanol. The total molar amount of N2H5Cl 
and NH4COl was 4 mmol. In another vial, Zn(ClO4)2·6H2O (2.0 mmol) was dissolved in 5 mL of 
methanol. Both solutions were mixed together, affording colorless clear solution, which was further 
kept without disturbing at room temperature. After two days, the colorless crystals were collected by 
the same way as Method 1. 
Every product was obtained as colorless a block- or plate-like crystal or microcrystal. 
Millimeter-size single crystals could be collected at biggest. It should be noted that the larger crystals 
were grown with the higher concentration of NH4OCl, likely due to the slower crystal nucleation. 
 
 
Figure 4-1. A photo of some representative crystals of [NH2NH3]Zn(HCOO)3 (1Zn100). Crystals with 
the other compositions have very similar crystal shape, but the sizes depend on the composition; 
crystals grew up larger with an increase in x. 
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4. 5. Sample characterization 
 4. 5. 1. Elemental analysis 
The NH2NH3–HONH3 ratio of the products were firstly determined by elemental analysis. 
In this work, the carbon-to-nitrogen ratio was used for determining the compositions. The x values in 
the reaction solution (experiment) and the products are given in Table 4-1. Also, their relationship is 
plotted in Figure 4-2. Note that only the experiments which produced phase-pure products are plotted 
here. Non phase-pure products could be yielded by the other mixing ratios, which were confirmed by 
PXRD analyses in advance of the elemental analysis. In reality, the series of [NH2NH3]1–
x[HONH3]xZn(HCOO)3 was prepared in the x range of 0.00–0.48. Thus, hereafter, the materials with 
x = 0.00, 0.08, 0.30 and 0.48 will be abbreviated with 1Zn100, 1Zn92, 1Zn70 and 1Zn52, respectively, 
and subjected to further investigations and discussion. 
 
Table 4-1. Synthetic details and compositions of the products determined by elemental analysis 
Entry Method x (synthesis) x (CHN analysis) x (1H SSNMR) abbreviation 
1 1 0.00 0.00 – 1Zn100 
2 1 0.10 0.08 – – 
3 1 0.30 0.08 – 1Zn92 
2 1 0.40 0.08 – – 
3 1 0.65 0.26 – – 
4 1 0.70 0.30 – 1Zn70 
5 1 0.75 0.36 – – 
6 2 0.00 0.00 – – (1Zn100) 
7 2 0.20 0.06 – – 
8 2 0.80 0.48 0.45 1Zn52 
†Molar ratio calculated from the results of elemental analysis. 
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Figure 4-2. Relationship between mixing x and resulting x values. Filled and hollow circles are 
extracted from the synthetic method 1 and 2, respectively.  
 
 
 4. 5. 2. IR spectroscopy 
 The ATR-FT-IR spectra of the solid solution are shown in Figure 4-3. The spectra plotted 
from 4000 to 550 cm–1 (Figure 4-3a) seem to be very similar and all main features remain upon 
substitution with HONH3+. In the spectra for 1Zn92, 1Zn70 and 1Zn52 shown in Figure 4-3b, three 
distinct peaks are visible at 671, 995 and 1234 cm–1 (marked by #671, #995 and #1234, respectively), 
which are further highlighted by the blue shadows. As these absorption bands are not detected in the 
spectrum for 1Zn100, they should come from HONH3+ itself or the formate linkers near HONH3+. 
According to the literatures,14,22 in fact, #671, #995 and #1234 can be assigned to the COO asymmetric 
bending, the symmetric COO deformation, and the O–H bending or the NH2 rocking, respectively. 
Hence, the existences of HONH3+ cations in the solid solutions could be seen in the IR spectra. 
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Figure 4-3. ATR-FT-IR spectra of 1Zn100 (black), 1Zn92 (red), 1Zn70 (blue) and 1Zn52 (green) at 
room temperature. The wavenumber range shown are (a) 4000–550 cm–1 and (b) 1850–550 cm–1. In 
(b), three blue-shaded area correspond to the characteristic signals for HONH3+ cation. 
 
 
4. 6. Structural analysis 
 4. 6. 1. PXRD analysis 
 PXRD measurements were performed in advance of the determination of the compositions, 
in order to confirm the phase purities of the products. The four compounds were indeed found to be 
phase-pure. Furthermore, Pawley refinement23 was performed on these PXRD patterns to have deeper 
insights into the crystal structures. The refinements were carried out based on the single crystal 
structure of 1Zn100 at room temperature: an orthorhombic Pna21 system with the lattice constants of 
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8.6748, 7.7488 and 11.5478 Å was used as the initial setting. As shown in Figure 4-4a, the observed 
data (crosses) could be refined very well (see the fit lines and differences drawn by red and black solid 
lines, respectively). In addition, it should be noted that no splits of PXRD peaks at large 2θ range as 
well as no significant line broadenings were detected. Therefore, the series of 1Zn is observed to be a 
phase-pure solid solution. It should be also noted that peak shifts were observed with an increase in x. 
For example, the (2 0 0) reflection at 2θ ≈ 20.5° shifted to the larger angles with an increase in x 
(Figure 4-4b, where the gray bold line highlights the peak shift). Changes of the cell parameters, 
hence, would be varied without changing the symmetry upon the formation of solid solutions, i.e. the 
inclusion of HONH3+ cations. 
 The results of the Pawley refinements are shown in Table 4-2 and Figure 4-5. As shown in 
Figure 4-5a, the lattice constants a decreases, and b and c increases with an increase of x, respectively. 
While the changes in the lattice parameters were comparable small,27 the unit cell volume, V, was 
decreased with an increase of x (see Figure 4-5b). Actually, V decreased by ~2.2 Å3 from 1Zn100 to 
1Zn52. This value is also smaller than the value reported by Gao et al. for the solid solution 
[NH2NH3]1–x[CH3NH3]xMn(HCOO)3, ΔV ≈ 10 Å3 with xmax = 0.37.18 Interestingly, in their and our 
work, every A+ cation involved in the solid solutions is almost the same size (216–217 pm).28 
Accordingly, the difference of structural distortion between the two solid solutions must be attributed 
to the difference of orientation and amine–cavity interactions of the different cations and the metal–
formate cavity. In the solid solution 1Zn, the distortion of the framework is indeed observed, which is 
significantly smaller than the distortion reported in the series by Gao et al.18 At this stage, this 
difference could be attributed to the difference in HB ability between the combinations of 
NH2NH3+/CH3NH3+ and NH2NH3+/HONH3+. In addition, an absence of a perovskite-like architecture 
with HONH3+ is likely to support this behavior. To get insight into the structural feature in the present 
work, an SXRD analysis is needed. 
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Figure 4-4. PXRD patterns and Pawley analyses on the series of 1Zn. (a) Full 2θ range measured and 
(b) an enlargement of the (2 0 0) reflection. Cross markers, observed data; red solid lines, calculated 
patterns using Pawley fit; black solid lines, difference curves. Gray bold line in (b) highlights the peak 
shift with an increase in x in [NH2NH3]1–x[HONH3]xZn(HCOO)3. All patterns were fit using an 
orthorhombic Pna21 setting. 
 
 
Table 4-2. Results of the Pawley refinement. 
Compound 1Zn100 1Zn92 1Zn70 1Zn52 
a / Å 8.673627 8.66658 8.634174 8.606266 
b / Å 7.755619 7.758199 7.76869 7.780005 
c / Å 11.555098 11.557463 11.564544 11.576917 
V / Å3 777.304 777.09 775.706 775.153 
Rexp/Rwp/Rp 3.59/5.09/3.81 3.17/3.29/2.42 3.15/3.24/2.37 3.47/4.67/3.49 
Rexp’/Rwp’/Rp’ 6.18/8.76/7.82 6.00/6.23/5.65 6.12/6.29/5.68 6.31/8.48/7.71 
goodness of fit 1.417 1.037 1.029 1.345 
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 4. 6. 2. SXRD analysis 
 High-resolution SXRD analyses were performed on 1Zn100 and 1Zn52 at 120 K to look at 
the amine–cavity interaction. The crystallographic data are shown in Table 4-3, confirming the 
consistency of the lattice parameters obtained from the SXRD study with those estimated from the 
Pawley analyses on PXRD data, if the thermal expansion is ignored. In Figure 4-6, the crystal 
structures of 1Zn100 and 1Zn52 are shown with enlargements of each amine–cavity interaction. Note 
that the structure of 1Zn52 was solved with the site occupancy of NH2:OH = 0.52:0.48. As can be 
seen, it was found that the NH2 and OH terminals were optimized at slightly displaced positions (the 
N···O displacement = 0.316 Å). This is basically attributed to (1) a difference of N–N and N–O bond 
lengths (1.449 and 1.394 Å, respectively), (2) an electrostatic repulsion between the lone pair of 
HONH3+ oxygen and the formate linker, and (3) a difference of the HB patterns. In detail of the 3rd 
point, there can be seen two N–H···O HBs in both structures, while only one O–H···O HB is expected 
in 1Zn52. Also, the N–H···O and the O–H···O HB distances are different. In 1Zn100, two 
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N···O(formate) distances are 2.997 and 3.063 Å. In contrast, two N···O(formate) and an 
O(hydroxylammonium)···O(formate) distances are 2.985 and 3.047, and 2.777 Å, respectively, in 
1Zn52. Here, the reduced N···O(formate) distance between the amino nitrogen and the formate 
oxygen in 1Zn52 compared with 1Zn100 is detected, which is likely compensating a distortion of the 




Figure 4-6. Crystal structures of (a) 1Zn100 and (b) 1Zn52 at 120 K with enlargements of the amine-
cavity interactions. C, black; H, white or magenta (for –OH); N, blue (–NH3+) or pale blue (–NH2); 
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Table 4-3. Crystallographic data of 1Zn100 and 1Zn52. 
 1Zn100† 1Zn52‡ 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 























































R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
†w = 1 / [s2(Fo2) + (0.0221P)2 + 0.0632P], where P = (Fo2+2Fc2) / 3 
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Table 4-8. Selected bond lengths (Å) and angles () in 1Zn100 and 1Zn52 at 293 K. 
 1Zn100 1Zn52 






N–N / Å 
N–O / Å 
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4. 7. Thermal analysis 
 4. 7. 1. TG/DTA analysis 
 The TG/DTA analyses were carried out to evaluate the thermal stability of the solid solution 
in the present work. The measurements were performed under nitrogen atmosphere, and the 
temperature was swept at 4 K·min–1. The TG trace of 1Zn100 shown in the upper panel of Figure 4-
7a (black line) exhibited the first weight loss, attributed to the decomposition, at 395 K with the 
endothermic weight loss of ~31% (lower panel), which was attributed to a removal of 
NH2NH2·HCOOH and consistent with the previous report.14 In addition, it was found that the 
decomposition temperature (Td) is decreased (Figure 4-7b) and dispersed (Figure 4-7a, inset) with an 
increase in x: the Td is varied from 395 to 392 K with xmax = 0.48. This observation indicates that the 
solid solution is thermally stable up to 390 K but gets slightly weakened with an increased HONH3+ 
concentration, probably due to the weaker amine–cavity interactions. 
 
 4. 7. 2. DSC analysis 
 The end member, 1Zn100, is known to undergo a structural phase transition at 352 K, being 
related to a ferroelectric–paraelectric transition.14 In order to investigate the variation of the phase 
transition temperature, TC, along the solid solution, DSC measurements were carried out. The DSC 
curves are shown in Figure 4-8a. As can be seen, the DSC anomalies shifted toward the lower 
temperatures with an increase in x, and the DSC signals related to the phase transition were dispersed 
and flattened, probably because of the decrease of amine–cavity interaction. More importantly, in the 
x dependence of TC, i.e. the phase diagram, it was found that TC strikingly decreased with an increase 
in x (Figure 4-8b); from 352 K to 318 K with 1Zn100–1Zn52. This is attributed to the decreased 
enthalpy due to the weakened amine–cavity interaction, i.e. the loss of hydrogen bonds between the 
A+ cations and the cavity. In addition, the increased entropy due to the varied molecular vibrational 
- 175 - 
 
modes and the random A+-cation distribution along the solid solution should have a cooperative impact. 
The change in the transition enthalpy (Htrs) and the transition entropy (Strs) are analyzed, see Table 4-
4 and Figure 4-9. Besides for the range 0.5 < x < 1.0, phases cannot be assigned (Figure 4-8b, gray-
shaded area) since the end-member [HONH3]Zn(HCOO)3 crystallizes in a non-perovskite-like 
architecture, P212121. Hence, a phase boundary between the perovskite- and non-perovskite-type 
architectures should lie in this x range. 
 
 
Figure 4-7. (a) TGA (upper panel) and DTA curves (lower panel) of [NH2NH3]1–
x[HONH3]xZn(HCOO)3 under nitrogen flow at a scan rate of 4 K·min–1. Inset: an enlargement near 
the first weight loss (the decomposition). (b) HONH3+ concentration dependence of the decomposition 
temperature estimated from the TG/DTA analyses. The red dashed line is the guide for the eyes. 
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Figure 4-8. (a) DSC profiles measured under N2 atmosphere a scan rate 20 K min–1. 1Zn100, black; 
1Zn92, blue; 1Zn70, green; 1Zn52, red. Solid and dashed lines are for heating and cooling, 
respectively. (b) Phase diagram. Red and blue symbols are for heating and cooling, respectively. Blue-, 
orange- and gray-shaded areas cover the Pna21, Pnma and unknown phases, respectively. Green solid 
line corresponds to [HONH3]Zn(HCOO)3 crystallizing in P212121 phase.22 
 
Table 4-4. Analysis results of the DSC profiles. 
 1Zn100 1Zn92 1Zn70 1Zn52 
Htrs (heat; cool) / kJ·mol–1
 1.27; 1.42 0.92; 1.23 0.84; 0.96 0.39; 0.38 
Strs (heat; cool) / J·mol–1·K–1 3.73; 4.05 2.65; 3.56 2.50; 2.90 1.22; 1.19 
 
 
Figure 4-9. The x dependences of transition enthalpy (Htrs) and transition entropy (Strs). Red and blue 
for heating and cooling, respectively. 
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4. 8. Dielectric property 
 4. 8. 1. Fundamentals 
 The pure [NH2NH3]Zn(HCOO)3 (1Zn100), which crystallizes in a perovskite-like 
architecture, undergoes a structural phase transition from a polar Pna21 to a nonpolar Pnma symmetry 
at 350 K, which corresponds to a ferroelectric-to-paraelectric transition.14 This phenomenon is 
attributed to the thermally assisted disorder of NH2NH3+ cations in the cavity. As already demonstrated 
in section 4. 7. 2, TC estimated from the DSC measurement was effectively lowered by gradually 
replacing NH2NH3+ cation with HONH3+. Therefore, as similar to the recent report by Gao et al.,18 
[NH2NH3]1–x[HONH3]xZn(HCOO)3 should also exhibit the varied dielectric characteristics related to 
the ferroelectric–paraelectric phase transition at respective TC. 
 The dielectric properties are investigated under applying alternating current (AC) and by 
using the following formula: 
𝜀∗ = 𝜀′ − 𝑗𝜀′′ 
, where ε* is the complex dielectric constant, ε’ and ε’’ denote the real and imaginary parts of dielectric 
constant, respectively, and j is the imaginary unit (j2 = –1). In principle, ε’ corresponds to the relative 
dielectric constant (εr) of materials. Usually, when a solid material does not exhibit any phase 
transitions and dynamic atomic or molecular motions, ε* (and ε’) is almost constant. In contrast, if 
such phenomena indwell the material, ε* and ε’ are temperature- or frequency-dependent. In particular, 
a peak structure is observable in ferroelectric materials at the respective paraelectric–ferroelectric 
phase transition temperatures. In this work, the dielectric properties of the four compounds were 
investigated in the polycrystalline states by making pellets. 
 
 4. 8. 2. Temperature-dependent dielectric constant measurement 
 The measurement was kindly carried out by Dr. Wataru Kosaka and Prof. Dr. Hitoshi 
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Miyasaka at Institute of Materials Research, Tohoku University. 
For measurements, a well-ground powder sample (5–10 mg) was compressed into a pellet 
with a diameter of 10 mm and a thickness of ~0.1 mm, and then placed between two stainless plates 
with circular face to create a parallel-plate capacitor, to which gold wires were attached using gold 
paint (Figure 4-10). The capacitor was then placed in a cryostat system. Measurement was carried out 
in 100 kPa of helium atmosphere. 
 
 
Figure 4-10. Photo of a representative capacitor configuration used for measurement. Two circular 
stainless plates sandwich the powder sample, which are then fixed by a clip. The contacts between a 
clip and the stainless plates are covered by seal tape as an insulator. Gold wires are attached to the 
stainless plates using gold paste, which are further connected to the capacitance bridge.  
 
 
 The temperature dependence of ε’ at 10 kHz from 1Zn100 to 1Zn52 are shown in Figure 4-
11a. For 1Zn100 (black filled circle), a positive peak was observed at 356 K upon heating. This peak 
temperature (Tp) of 356 K was consistent with the previous report18 and the result of DSC measurement 
in this work (see Figure 4-8b). In addition to this peak, ε’ was intensively increased above 368 K, 
which could be attributed to the decomposition of sample as the starting point was consistent with Td 
taken from the TG measurement and the sample taken after the dielectric measurement was visibly 
denatured. With an increase in x, a peak shift toward lowered temperature was observed (Figure 4-
11a). Indeed, Tp was monotonically decreased with increasing x value, as shown in Figure 4-11b and 
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Table 4-5. Comparing the Tp with the TC taken from the DSC measurements, they were well consistent 
with each other (Figure 4-11b). Therefore, the dielectric property of [NH2NH3]Zn(HCOO)3 was 
successfully tuned by solid solution approach in this work. In Figure 4-11a, only the heating data are 
shown for 1Zn100–1Zn70 because of the signs of decompositions as similar to 1Zn100. On the other 
hand, due to the enough low TC (313 K) compared with Td (392 K based on TG measurement), both 
the heating and cooling data could be measured with 1Zn52 by making a turn at 350 K. As shown in 
Figure 4-11a (orange filled and hollow circles for heating and cooling, respectively), a hysteresis of 
~3 K was obviously recorded. Note that the baselines of raw data of the four compounds were 
obviously varied, which was, at least, due to the difference in filling rate of the pellet prepared; 
therefore, absolute values of ε’ could not be discussed quantitatively. Hence, further note that an offset 
was carried out so as ε’ at 250 K to be the same value in Figure 4-11a. 
 As is well-known among the order–disorder type ferroelectrics, the ε’ values around Tp 
depended on the AC frequency in all of the four compounds (Figure 4-12). Moreover, the degree of 
the frequency dependence was clearly decreased from 1Zn100 to 1Zn52, which was probably related 
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Figure 4-11. (a) Temperature dependences of ε’ under applying AC electric field of 10 kHz. Black, 
1Zn100; blue, 1Zn92; green, 1Zn70; orange, 1Zn52; filled and hollow circles correspond to the data 
upon heating and cooling, respectively. The ε’ values are fixed so as ε’ at 250 K to be the same. (b) x 
dependence of Tp taken from the dielectric measurement (black square) in comparison with TC taken 
from DSC (red circle) shown in section 4. 7. 2. 
 
Table 4-5. List of Tp upon heating, taken from the dielectric measurements. 
Compounds 1Zn100 1Zn92 1Zn70 1Zn52 
Tp / K 356 354 340 324 
 
 
Figure 4-12. Temperature dependences of ε’ at AC frequencies 68.1 Hz–20 kHz. (a) 1Zn100, (b) 1Zn92, 
(c) 1Zn70, (d) 1Zn52. 
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4. 9. Mechanical property 
 4. 9. 1. Fundamentals 
 From the viewpoint of practical application of functional solid-state materials, not only the 
electronic properties, such as electrical, magnetic and optical ones, but also the chemical (acid 
resistance, solubility, etc.) and physical (mechanical) durability are important. Particularly to produce 
an insight into physical durability, the hardness of bulk materials has been frequently measured by 
using a durometer. Recently, however, a number of “soft” plastic materials gained focus of different 
research fields, some of which are coated by thin film of the harder materials for increasing their 
durability. With an increase of the number of such materials, researchers have theoretically and 
experimentally developed new or the improved methods such as nanoindentation and AFM-based 
methods, to investigate the mechanical properties in microscopic scale 
 Since nanoindentation only become a frequent analysis technique within recent years, a brief 
background discussion is given. For a detail discussion, see the references by Oliver and Pharr et al.24–
26 In principle, during a nanoindentation experiment, a dynamic change in the penetration depth of a 
diamond indenter is monitored with continuously applying loading force in the range between μN to 
mN. That is, nanoindentation is able to measure the mechanical properties against a weak force. 
Besides for the diamond indenter, there have been established several shapes, which are appropriate 
for different type of objects. The Berkovich-type indenter, which is like a triangular pyramid, is the 
most popular, and indeed, it has been used for the present study. The analytical theory of 
nanoindentation will be briefly shown below. 
 Basically, a loading–unloading cycle at a constant loading rate affords a characteristic load 
(P)–displacement (h) curve, as shown in Figure 4-13. 
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Figure 4-13. Schematic illustration of a loading–unloading curve obtained by nanoindentation. Pmax, 




The mechanical characteristics, such as Young’s moduli and hardness, are estimated by analyzing this 
kind of curves. In the nanoindentation measurement, a loading process causes an elastic and a plastic 
deformations at the same time, which makes an impression based on the hardness of the specimen. 
Figure 4-14 shows the schematic illustration of the displacement at the surface region of specimen. 
 
Figure 4-14. Schematic illustration of the contact geometry characterizing the parameters after an 
unloading process.26 
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Whereas both elastic and plastic deformations occur upon the loading cycle as mentioned 
above, the unloading process can provide a purely elastic nature. The initial, almost linear region upon 
the unloading is thus important: indeed, the contact stiffness (or the elastic unloading stiffness), S, 










, where ε is a constant dependent on the shape of indenter. For Berkovich-like indenter, ε is typically 
0.75. The depth along which contact is made between the indenter and the sample, hc (= hmax – hs), is 
formulated as: 




Now, assuming F(d) as an “area function”, the contact projected area, A, is given by: 
𝐴 = 𝐹(ℎ𝑐) = 24.5ℎ𝑐





, where the first term in the right side is the function for an ideal Berkovich indenter. The others are 
the correction terms, in which the constants C1,2,3 are calculated by a calibration using a quartz standard. 
In a real nanoindentation, the calibration is one of the most crucial step for determining the mechanical 










, where β is a constant dependent on the geometrical feature of indenter used. For instance, β ≈ 1.034 
for the Berkovich indenter. In addition, E is the Young’s modulus, in which the natures of both sample 
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, where Es (Ei) and vs (vi) stand for Young’s modulus and Poisson’s ratio in the objective material (the 




𝐸𝑖 − 𝐸(1 − 𝜈𝑖
2)
. 
Here, E is the value which can be deduced experimentally, and Es and νs are the values 
characteristic to the indenter (e.g. they are 1141 GPa and 0.07 for the diamond indenter used in this 
work). Regarding the target materials’ mechanical properties, νi was assumed to be 0.3 for the 
calculations of Ei in the present work. Note that the νs of ~0.3 seems to be reasonable for molecular 
framework materials; furthermore, it is also worth noting that a 50% change in ν between 0.2 and 0.3 
gives only a 5% difference in the corresponding Es values in several representative molecular hybrid 
framework materials.29 
 In the years, the mechanical properties based on nanoindentation have been investigated on 
a wide range of MOF materials, including both the porous and dense ones, mainly by Cheetham and 
co-workers.21,29,30 Such analytical works seem to be exciting as they can supply a variety of important 
insights into the underlying features of chemical bonding, rigidity/flexibility of frameworks and so on. 
Focusing on the formate-based OIHPs, several fascinating features have been discovered, such as the 
important roles of ligand-field stabilization energy,19 R–N+H···O HBs between A+ cations and formate 
linkers20 and an additional contribution of ionic interactions between them.31 Under these 
circumstances, nanoindentation was performed on the present series of solid solution, from 1Zn100 
to 1Zn52, to clarify the effect of the A-site substitution on the mechanical properties of the series. The 
pure NH2NH3+ salt, 1Zn100, was recently investigated by the same method, in which, basically, two 
main interactions are cooperatively playing the important roles on the high stiffness of 1Zn100:31 
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contributions of HBs between the formate oxygens and NH3+- and NH2-hydrogens, and of an ionic 
interaction between the cationic -NH3+ part and the anionic Zn(HCOO)3– framework coexist. 
Therefore, a partial substitution of NH2NH3+ with HONH3+ should affect the mechanical properties 
due to, for example, the difference in the number of hydrogen which can contribute to the HBs. 
 
4. 9. 2. Sample preparation 
 Nanoindentation measurements were carried out using single crystals. The schematic 
procedure for sample preparation for nanoindentation measurement is similar to that described 
elsewhere.30 Also, the procedure is schematically illustrated in Figure 4-15. In a first step, face 
indexing was carried out by using an Oxford Diffraction Gemini E Ultra diffractometer with Mo Kα 
radiation (λ = 0.71073 Å) at room temperature. For adopting the following procedure, single crystals 
with the large surface areas and well defined facets are preferred. Then, the face-indexed crystals were 
cold-mounted in Epofix resin (Struers Ltd.) in a preferred orientation and with a great care not to make 
bubbles (especially) near crystals. The crystal surfaces were carefully polished with increasingly fine 
diamond suspensions to minimize surface roughness. The roughness can be usually checked through 
an optical microscope. 
 
Figure 4-15. Sample preparation scheme for nanoindentation experiment using a single crystal. 
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 4. 9. 3. Results and discussion 
 The (anisotropic) nanoindentation measurements were performed on 1Zn100–1Zn52 along 
the (1 1 0) direction at room temperature.The (1 1 0) direction corresponds to the (1 0 0) direction of 
the pseudocubic perovskite unit cell (see Figure 4-16). 
 
 
Figure 4-16. Direction of the nanoindentation in the present study. C, gray; N, blue; O, red; Zn, green. 
 
 
 Measurements were done in collaboration with S. Sun, G. Kieslich and A. K. Cheetham at 
the University of Cambridge. As the analysis results, the elastic (Young’s) moduli (E) and hardness 
(H) at various indentation depth (h) in the present study are shown in Figure 4-17. For evaluation of 
the materials’ mechanical characteristics, every data was averaged between the h ranges of 200–1000 
nm. The data are summarized in Table 4-5 and Figure 4-17. Even taking the experimental errors into 
account, both E and H could be monotonically reduced with an increase in x, visibly. Actually, E and 
H were reduced at approximately 25% by substituting 50% of NH2NH3+ with HONH3+ in the 
perovskite-lite framework. Therefore, it was successfully demonstrated to tune the mechanical 
property of formate-based OIHP by applying the A-site solid solution approach. 




Figure 4-17. The results of nanoindentation study on 1Zn100 (black), 1Zn92 (blue), 1Zn70 (green) 
and 1Zn52 (yellow), measured along the (1 1 0) direction. (a) Elastic moduli, E, and (b) hardness, H, 
as a function of indentation depth (h). 
 
 
Table 4-6. The analysis results of mechanical properties. 
 1Zn100 1Zn92 1Zn70 1Zn52 
Elastic modulus, E / GPa† 25.60±1 23.49±1 21.60±1 19.85±1 
Hardness, H / GPa‡ 1.38±0.05 1.31±0.05 1.09±0.05 1.01±0.05 
†The error was fixed at ±1 GPa for all compounds since it is in principle difficult to accurately calculate 
the error in nanoindentation experiments due to limited accuracy in sample preparation. 
‡The error was fixed at ±0.05 GPa for all compounds, which was 5% of the error in elastic moduli. 
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Figure 4-18. The x dependences of E (upper panel) and H (bottom panel) in the present study. In 
principle, error bars given derived from the experiments are related to the standard deviation of each 
single measurement point. But in this figure, all of the errors are assumed to be ±1 GPa due to limited 
accuracy in sample preparation. 
 
 
 4. 9. 4. Origin of the change in mechanical property 
 It should be worth clarifying the possible origins of the tuned stiffness demonstrated in this 
study. Obviously, the stepwise loss of amine–cavity HBs upon the A+-site substitution must be taken 
into account as the 1st order effect as already discussed in section 4. 6. 2. While the SXRD analyses 
were performed at 120 K, the solved crystal structures and HB patterns would be comparable to those 
at room temperature. In fact, no phase transitions have been detected below room temperature, 
indicating only the thermal expansion and concomitant framework’s distortion affect the structural 
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change. Therefore, the loss of one HB (from 8 to 7 per cavity) between A+ cation and the anionic cavity 
by a substitution of NH2NH3+ with HONH3+ should decrease the stiffness of material, like the previous 
report.20 On the other hand, focusing on the strengths of individual HBs, the shorter HBs in 1Zn52 
than in 1Zn100 (see section 4. 6. 2) and the higher electronegativity of oxygen than nitrogen should 
increase the amine–cavity interaction, leading to the 2nd order effect of a confrontation with the 
negative effect of losing HB. However, this 2nd order effect is likely much weaker than another one, 
because the difference between the HB distances are small. 
 For another point, it was recently reported that the amine–cavity interaction, which was 
related to the stiffness of formate-based OIHPs, in 1Zn100 could be mainly attributed to HB and 
electrostatic interactions between the NH2NH3+ cation and the anionic [B(HCOO)3]– cavity.31 This 3rd 
order effect is basically negligible as the protonated NH3+-terminal is located at the almost unchanged 
position in cavity in both 1Zn100 and 1Zn52. Similarly, a replacement of NH2NH3+ with HONH3+ 
may be able to enhance the amine–cavity electrostatic interaction because of the highly polarized N–
O bonds compared with the N–N ones. From the crystallographic point of view, the shorter N–O 
distance (1.394 Å) in 1Zn52 than the N–N (1.449 Å) in 1Zn100 seems significant and needs to be 
taken into account as the 4th order effect. This difference would have an impact on the distortion of the 
whole framework, whereas a relationship between the distortion and stiffness has not been clarified. 
 Therefore, finally, the distortion of the framework was carefully assessed as the 5th order 
effect. In the series of 1Zn, at 120 K, the trans Zn–Zn–Zn angles along the (1 1 0) direction, which 
corresponded to the direction of the nanoindentation experiment, were 180.0 in both 1Zn100 and 
1Zn52. In addition, those along the c-axis direction were 169.79 and 170.04 in 1Zn100 and 1Zn52, 
respectively, indicating only a small difference of ~0.3. Therefore, an impact of the distortion should 
be negligible at low temperature down to 120 K. For comparison, SXRD measurements were 
additionally carried out at 293 K, at which the nanoindentation experiments were also carried out, on 
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a Bruker APEX II CMOS diffractometer with graphite-monochrometed Mo Kα radiation (λ = 0.7107 
Å) at Tohoku University. The analysis results are shown in Figure 4-19, Table 4-7 and 4-8. 
Unfortunately, the full structure solution of 1Zn52 was not enough reliable due to an instability of 
separating –NH2 and –OH moieties of the ammonium cations. This was possibly due to the large 
thermal displacement at room temperature in comparison to the low temperature data and the too low 
resolution limit of the obtained SXRD data to distinguish their positions. However, no remarkable 
differences in the HB patterns from the low temperature data should be indicated owing to the absence 
of phase transition below room temperature. Then, here will be particularly focused on the frameworks, 
which could be meaningful enough for the current discussion. In 1Zn100, the trans Zn–Zn–Zn angle 
along the c-axis direction was 171.23, being consistent with the reported structure (171.22)14. In 
contrast, 1Zn52 exhibited the angle of 173.69, which was differed by ~2.5 from that in 1Zn100. 
Moreover, the trans Zn–Zn–Zn angles along the (1 1 0) direction were 180.0 in both 1Zn100 and 
1Zn52 even at 293 K, definitely derived from the same space group Pna21. Although some 
computational approach to associate effects of framework’s distortion with the mechanical responses 
will be necessary for quantitatively discussing the distortion effect on the mechanical properties, such 
effect should be quite minor in the present solid solution, simply judging from the small distortive 
angle in fact. Compared with them, in the case of reported [NH2NH3]1–x[CH3NH3]xMn(HCOO)3 (x = 
0.00–0.33),18 for example, at low temperatures, the trans Mn–Mn–Mn angle along the c-axis direction 
was 167.77 at 90 K and 169.51 at 100 K with x = 0.00 and 0.33, respectively, where the difference 
≈ 1.8. With increasing temperature, the difference in the angle becomes more significant, and they 
turns into 169.44 and 180, respectively, at 290 K, where the space group also changes from Pna21 
to Pnma. Note that the c-axis direction in Pna21 symmetry is attributed to the b-axis direction in Pnma. 
In principle, such a huge lattice distortion probably originated from the remarkable difference in HB 
ability of –NH2 and –CH3 terminals, and the different crystallographic symmetries of the end 
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members: [NH2NH3]Mn(HCOO)3 [Ref. 14] and [CH3NH3]Mn(HCOO)3 [Ref. 15] crystallized in 
orthorhombic Pna21 and Pnma, respectively. Thus, a small distortion in this work could be attributed 
to the similar molecular structures of NH2NH3+ and HONH3+ and an absence of the perovskite-type 
structure in an end member, [HONH3]Zn(HCOO)3.22 Furthermore, a weaker framework with 
increasing x is also expected in a series of 1Zn from the latter feature. In other words, an increase in x 
in a solid solution means going up the energy hill and a more compliant framework is expected. 
Summarizing the mechanical property, in OIHPs, it should be principally considered as a 
characteristic of the whole framework; however, the pseudocubic unit cell (see Figure 4-16) seems to 
be the prior point at issue for associating the bulk mechanical properties with the crystal structure. For 
another point, a contribution of one of the HBs with the –NH2 terminal, particularly the longer one, 
may be to the stiffness of [NH2NH3]Zn(HCOO)3 seems to be deduced. For 1Zn52, in which ca. 50% 
of NH2NH3+ was substituted with HONH3+, the mean number of the amine–cavity HB was 7.5, where 
the stiffness were decreased by ~25%. Hence, 10% substitution of the A+-site cation in the present 


















Figure 4-19. Crystals structures of (a,b) 1Zn100 and (c,d) 1Zn52 at 293 K. (b) and (d) enlarge each 
one cavity in thermal ellipsoid model with 50% probability. C, black; N, blue (-NH3+) and aqua (-





- 193 - 
 
Table 4-7. Crystal data of 1Zn100 and 1Zn52 at 293 K. 
 1Zn100† 1Zn52‡ 






Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 























































R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
†w = 1 / [s2(Fo2) + (0.0259P)2 + 0.0000P], where P = (Fo2+2Fc2) / 3 
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Table 4-8. Selected bond lengths (Å) and angles () in 1Zn100 and 1Zn52 at 293 K. 
 1Zn100 1Zn52 






N–N / Å 
N–O / Å 
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4. 10. Conclusion 
 In this chapter, a new A-site solid solution, [NH2NH3]1–x[HONH3]xZn(HCOO)3, was 
successfully prepared by the mild solution method. While this solid solution showed a relatively small 
structural distortion upon the A-site substitution, their thermodynamic and mechanical properties could 
be effectively tuned, which were confirmed by means of DSC, dielectric measurement and 
nanoindentation. In detail, the ferroelectric-to-paraelectric phase transition temperature in an end 
member, [NH2NH3]Zn(HCOO)3, was continuously lowered from 352 K to 318 K with x = 0.00–0.48. 
Regarding the mechanical properties, the decreases in elastic moduli and hardness by ~25% were also 
demonstrated. From the viewpoint of crystal chemistry, it was indicated that the change of the 
complicated amine–cavity interactions upon the substitution was linked to the tuning of properties. 
Indeed, the pseudocubic unit cells seemed to lie at the starting point of discussion on the mechanical 
properties in the OIHPs. Furthermore, it was demonstrated to incorporate HONH3+, which had 
originally led to a non-perovskite-like architecture, into a perovskite-like framework by means of solid 
solution. Therefore, the results shown in this chapter opens up a completely new dimensionality in 
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5. 1. Beginning remarks 
 The research in this chapter was done in joint research with A. K. Cheetham group at 
University of Cambridge and A. Walsh group at University of Bath. Furthermore, the results presented 
here are in parts an adapted reproduction from G. Kieslich, S. Kumagai, K. Butler et al., Chem 
Commun. 2015, 51, 15538–15541. 
 
5. 2. Chapter introduction 
 Among solid materials, polymorphism is one very fascinating phenomena from the 
viewpoint of materials design. For instance, in MOFs, a variation of synthetic conditions, such as 
reactants, reaction period and temperature, solvent and pH, can trigger polymorphism, i.e. the 
production of a competing or a metastable phase. In particular, the reaction temperature can be used 
to drive the crystallization towards the thermodynamic or kinetic product. This was strikingly 
illustrated for cobalt succinates1 and anhydrous lithium tartrates2, where, depending on the reaction 
temperature, more than five different structures were found. Moreover, recently, a gas phase reaction 
was illustrated as a possible way to control the crystal structure and size of MOFs, yielding three kinds 
of MOFs, one of which was the first porous MOF achieved by gas phase reaction.3 Hence, it is 
necessary to investigate and clarify the relationships between material’s structures and their 
thermodynamic stabilities. This knowledge is not only fundamentally interesting, but also afford a 
promising and critical ways to create new solid materials in the future with new functionalities. 
In this context, organic–inorganic hybrid materials, which are either entirely or partially 
composed of molecular components, have gained much attention recently. For solely inorganic 
materials, such as metal chalcogenides and alloys, the stable crystal structures can be predicted on the 
basis of the Pauling–Baur rules,4 or early rules by Goldschmidt/Pauling/Zintl.5–8 However, for hybrid 
materials, these rules do not work anymore because of the increased bonding complexity, such as Van 
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der Waal’s Forces and hydrogen bonds, and hence, no clear rules have been established so far. Thus, 
it should be important for exploring polymorphism in hybrid materials to get theoretical insight into 
the role of each bonding interaction and its relationships with the crystal structure. 
Metal oxide perovskites with a general formula of A’B’O3 (A’ and B’: di-, tri- or tetravalent 
metal ions) have been intensively investigated for a long time owing to their fascinating properties 
such as magnetism, conductivity, ferroelectricity and catalytic activity. Goldschmidt’s tolerance factor5 
(TF) has been used as a powerful tool to predict the thermodynamically most stable packing motif for 
the respective combinations of A’ and B’. Recently, this TF concept was applied to the organic–
inorganic hybrid materials with a general formula of ABX3 (A: monoammonium cation; B: divalent 
transition metal ion; X: anionic linker).9,10 Briefly, the new TF concept regards the A cation and the X 
linker (e.g. halide X–, formate HCOO–, azide N3–) as a spherical and a cylinder-like structures, 
respectively, and the TF (α) is calculated as follows:9 
α = (𝑟𝐴𝑒𝑓𝑓 + 𝑟𝑋𝑒𝑓𝑓) √2(𝑟𝐵 + 0.5ℎ𝑋𝑒𝑓𝑓)⁄                      (5-1) 
, where rAeff and rB are the (effective) ionic radii of A+ and B2+ cations, and rXeff and hXeff are the radius 
and height of the pseudo-cylindrical X– linker. By comparing the calculated α value with the 
experimentally determined structural motif of respective materials, this new TF concept has been 
evidently developed as the best way to predict the formation of perovskite-like architecture with a α 
range, 0.81  α  1.01; however, several exceptions are found with the materials whose TF values are 
located at the boundary, i.e. near 0.8 or 1.0. For example, a family of [NH3OH]B(HCOO)3 (B = Mg2+, 
Mn2+, Co2+ and Zn2+) with α = 0.81 crystallizes not in a perovskite-like architecture but in a chiral 
structure with hexagonal channels.11 This report actually implied that not only a geometrical feature 
but also additional factors originating from molecular nature, such as hydrogen bonds, play crucial 
roles on determining the packing motif of organic–inorganic hybrid materials. For another case, 
[NH3NH2]B(HCOO)3 (α = 0.81) crystallizes in two phases, either a perovskite-like architecture or a 
- 201 - 
 
chiral structure with hexagonal channels, depending on the B species: the former motif is formed with 
B = Mn2+ and Zn2+, and the latter is formed with B = Mg2+ and Co2+.12 It is interesting to see that two 
different structural motifs are observed whereas the TF values are almost same. Therefore, it is 
important to further investigate the thermodynamic stability and selectivity of each structural motif 
and their B-ion dependence in [NH3NH2]B(HCOO)3. The results will give us an insight into the 
underlying effects of concomitant bonding interactions, such as hydrogen bond (HB) and can lead to 
a better understanding of building-principles of hybrid materials which are important for the targeted 
design of functional materials 
 In this chapter, the crystal chemistry of the formate family [NH3NH2]B(HCOO)3 with B = 
Zn2+ and Mg2 will be analyzed by computational methods and experiment. In collaboration with, Dr. 
Keith T. Butler, Dr. Christopher H. Hendon and Prof. Dr. Aron Walsh from Bath University, UK, state-
of-the-art lattice dynamic calculations were performed, underlying the importance of entropic effects 
in hybrid systems. In particular, amine-cavity interactions arising from HBs between anionic 
[B(HCOO)3]– framework and NH3NH2+ cations in cavity are shown to have a large impact. On basis 
of these calculations polymorphism in the [NH3NH2]B(HCOO)3 system was predicted. Motivated by 
these calculations, experimental conditions have then be varied and indeed the use of different solvent 
an precursors led to the formation of [NH3NH2]Zn(HCOO)3 in the chiral structure. Furthermore it is 
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5. 3. Quantum chemical calculations on [NH3NH2]Zn(HCOO)3. 
 In 2014, Gao and co-workers reported a family of formate-based hybrid materials 
[NH3NH2]B(HCOO)3 with B = Mg2+, Mn2+, Co2+ and Zn2+ [Ref. 12] (hereafter abbreviated as 2B). 
According to the recently proposed TF concept,9 all of the 2B are expected to crystallize in a 
perovskite-like structure, while the TF values lie on the border. However, the reported materials’ 
structural motifs depended on the B2+ ion. Whereas 2Mn and 2Zn crystallize in the perovskite-like 
structure with orthorhombic Pna21 system (Figure 5-1), 2Mg and 2Co adopt a chiral structure with 
hexagonal channels in orthorhombic P212121 system (Figure 5-2). In the literature, the authors implied 
the occurrences of polymorphism or phase mixture among the series of 2B including a Fe analogue. 
However, the authors did not give any further insights and the reason for different-structure types in 
this system remained unsolved.  
State-of the-art density functional theory based lattice dynamic calculations were performed 
and the free energies of two structural motifs of 2Zn as a function of temperature calculated. Initially, 
the 0 K ground state structures were calculated by fitting energy volume curves of the species to a 
Murnaghan equation of state.13,14 As shown in Table 5-1, the theoretical 0 K enthalpies suggest that 
2Zn with a perovskite structure is preferred to a chiral channel structure (hereafter abbreviated as 2Zn’ 
for identification with 2Zn with a perovskite structure) at 0 K, which is consistent with the TF 
prediction. Interestingly, the similar results have been obtained for, 2Mg, too, while 2Mg was reported 
to crystallize in a chiral channel structure. Therefore, the 0 K ground-state predictions are consistent 
with the TF concept, but contradictory with experimental outcomes at room temperature. Thus, 
additional factors exist that play a crucial role in the crystallization process which are not taken into 
account in the TF concept. Note here, that lattice dynamics calculations were only performed 
diamagnetic species, as paramagnetic species made the calculation quite difficult and less reliable. 
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Figure 5-1. Crystal structure of 2Zn in the perovskite-like architecture at room temperature,12 viewed 




Figure 5-2. Crystal structure of 2Mg in the chiral structure with hexagonal channels at room 
temperature,12 viewed along the c-axis, which corresponds to the direction of hexagonal channels.. C, 
gray; H, white; N, blue; O, red; Mg, orange. The MgO6 octahedrons are highlighted. 
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In order to attain a deeper understanding of lattice dynamics at finite temperatures, the full 
Gibbs free energy (G) was calculated, including contributions from the vibrational entropy. In this step, 
the temperature dependence of the harmonic phonon frequencies were taken into account because it is 
important to calculate the thermodynamic potentials accurately. As shown Figure 5-3a, the G 
nonlinearly decreases with an increase in temperature in both structural systems. Regarding the degree 
of temperature dependence, 2Zn’ is slightly but more sensitive than 2Zn is. As a consequence, a 
crossover of G between 2Zn and 2Zn’ occurs at 330 K. In other words, the chiral structure with 
hexagonal channels becomes thermodynamically more stable than a perovskite architecture at 330 K. 
Based on the temperature dependence of entropy (S) (Figure 5-3b), the origin of this crossover is 
attributed to larger S in 2Zn’ structure than in 2Zn. As can be seen in Table 5-1, , the larger S in 2Zn’ 
mainly arises from lower physical density (ρ), which enhances the entropic effect due to hydrogen 
bond between A+ cation and anionic [B(HCOO)3]– framework. This result indicate the possibility of 
polymorphism in [NH3NH2]Zn(HCOO)3, producing either Pna21 perovskite, 2Zn, or P212121 chiral 
structure, 2Zn’.  
 
Table 5-1. The enthalpies of formation with respect to constituent atoms at 0 K obtained by DFT 
calculations for [NH3NH2]Zn(HCOO)3. 
Name Motif ρ† / (g·cm–3) Emin / f.u.‡ (eV) 
2Zn Perovskite 2.12 –121.63 
2Zn’ Channel 2.00 –121.56 
   ΔE = 0.07 
†Calculated density of the titled structural motif. ‡f.u. = formula unit. 
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Figure 5-3. Calculated temperature dependences of (a) Gibbs’s free energy (G) and (b) entropy (S) 
for 2Zn (blue lines) and 2Zn’ (orange lines). 
 
 
5. 4. Experimental details 
 Single-crystal X-ray diffraction (SXRD) study. A SXRD measurement was carried out at 
the University of Cambridge using an Oxford Diffraction Gemini A Ultra X-ray diffractometer with 
Mo Kα radiation (λ = 0.71073 Å) at 120 K under nitrogen flow. All non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were refined isotropically. Hydrogen atoms were added to 
chemically reasonable positions found in the Fourier difference map, and then, refined with 
constrained N–H distances (0.890 Å). An absorption correction was performed by applying a face-
based correction method. 
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 Powder X-ray diffraction (PXRD) measurement. PXRD measurements were carried out 
on a Bruker D2 PHASER equipped with Cu tube (λ = 1.5402 Å). A non-reflection substrate was used 
for measurement. The crystals were carefully ground before measurement. Otherwise, in particular, 
2Zn’ crystals seemed to transform from the channel to the perovskite structure. 
 
 Thermal analyses. A Shimadzu DSC-60 Plus and a Shimadzu DTG-60H were used for 
DSC and TG/DTA measurements, respectively. All measurements were carried out under nitrogen 




5. 5. Synthesis 
 Motivated by the lattice dynamics calculations presented above, reaction conditions were 
varied to explore an exact condition suitable for the polymorphic material. For the MOF synthesis, 
usually two kinds of solution processes are used. One is a solvothermal reaction, which applies high 
temperature and pressure to a reaction mixture. This is frequently used for synthesis of the porous 
MOFs, and in this method, solvent and temperature can used to alter the outcomes of synthesis. 
Another method is the so-called mild solution synthesis at room temperature. A liquid–liquid diffusion 
method in a straight glass tube is an example of this method. The mild solution method was shown to 
be very successful for the synthesize of the formate-based OIHPs, such as the derivatives with A+ = 
[CH3NH3]+, [(NH2)3C]+ and so on.15–20 Indeed, this method was used for synthesizing the series of 2B 
in the previous report by Gao et al.12 
At first, here will be summarized the synthetic method for 2B shown in the literature.12 The 
authors mixed the two methanolic solutions containing (i) formic acid (80 equiv.) and 85% hydrazine 
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(6 equiv.) and (ii) B(ClO4)2·6H2O (1 equiv.), yielding the block-shaped colorless crystals after two 
days. At the beginning, a similar procedure to the literature was carried out, but 50% hydrazine 
solution (hydrazine monohydrate) was used instead of 85% one. The products from different batches 
were analyzed by means of PXRD. While 2Zn with the perovskite phase purely could be obtained, 
several experiments yielded unknown products in addition of the perovskite-type 2Zn. Figure 5-4 
shows the PXRD patterns of the simulation on 2Zn (red line) and the representative experimental 
result which contains an impurity (black line). Herein, the peak marked by filled star () is attributed 
to the phase impurity. Compared with the simulated PXRD pattern of 2Mg (blue line), the impurity 
peak at ~17.6 is likely corresponding to the combination between (0 2 1) and (1 1 1) reflections in 
2Mg. In other words, the phase impurity found out in our experiment seemed to be attributed to the 
chiral structure with hexagonal channels. 
 
 
Figure 5-4. PXRD patterns of 2Zn simulation (blue), an experimental product of Zn compound 
(black) and 2Mg simulation (red). 
 
 
This finding was something fascinating, pointing at the possibility of polymorphism and 
thereby confirming the results from lattice dynamic calculations. Considering the starting materials, 
the most obvious difference between the previous and our methods was the concentration of hydrazine 
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solution. Thus, the influence of solvent’s polarity, which was related to the concentration of water, was 
influenced. Basically, a change in the methanol–water ratio could affect the solvation to the key species, 
[NH3NH2]+, Zn2+ and HCOO–, since they were ionic. In addition, the coordination ability of water 
molecule should be stronger than that of methanol, causing a prevention of the coordination of HCOO– 
to Zn2+ ion, which leads to the formation of frameworks, i.e. crystallization. As a consequence, the 
solvent effect could yield the unexpected less-dense chiral structure. Hence, it was expected that the 
material with the chiral structure would be afforded selectively, rather as the phase pure product, by 
optimizing the methanol–water ratio during crystallization. On the other hand, a technical synthesis 
was previously reported, which added effective amount of triethylamine, TEA, as a negative template 
during the synthesis of [NH3OH]B(HCOO)3 by mild solution technique.11 
On the basis of the facts mentioned above, two approaches were pursued. Firstly, hydrazine 
monohydrochloride, N2H5Cl, was used with TEA thereby controlling the methanol–water ratio 
arbitrarily. Secondly, the addition of TEA as a negative template which might vary the entropic effects. 
Accordingly, modified synthetic schemes were tested, and indeed, the predicted polymorph, 2Zn’, was 
isolated as described below: 
Synthesis of 2Zn’. In one vial, 0.37 g of Zn(ClO4)2·6H2O (1.00 mmol) was dissolved in 
water–methanol mixture (0.65 mL: 2.5 mL). In another vial, 5.0 mL of methanol, 1.5 mL of 98% 
formic acid (40.0 mmol), 0.7 mL of TEA (5.0 mmol), 0.14 g of N2H5Cl (2.0 mmol) and 0.6 mL of 
water were mixed together. Two solutions were cooled down to 10 °C, mixed together and kept 
undisturbed at 10 °C for 1 day. Colorless precipitates were collected, washed with ethanol and dried 
in air. 24 mg of colorless hexagonal prismatic crystals were yielded. 2Zn’, 0.10 mmol, 10% based on 
Zn(ClO4)2·6H2O. Representative photographs of crystals of 2Zn’ are shown in Figure 5-5 together 
with the perovskite 2Zn crystals. Note: These crystals are sensitive to humidity. As shown later, the 
humidity can transform 2Zn’ into 2Zn. For storage, they should be kept in dry and inert atmosphere. 









Figure 5-5. Representative photographs of single crystals of [NH3NH2]Zn(HCOO)3. (a) and (b) for 
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5. 6. Crystal structure 
 5. 6. 1. Single crystal structure 
 The crystal structure and crystallographic data are shown in Figure 5-6 and Table 5-2, 
respectively. As can be seen, 2Zn’ crystallized in orthorhombic P212121 like the previously reported 
2Mg and 2Co,12 indicating that they were isostructural. In addition, the hexagonal channels were 
clearly extended to the a-axis direction. That is, the predicted polymorphic structure of 2Zn is indeed 
isolated. The calculated density, ρ, is 1.934 g cm–3, which is in reasonable agreement with DFT 




Figure 5-6. Crystal structure of 2Zn’ at 120 K. (a) Asymmetric unit in a thermal ellipsoid model with 
50% probability. (b) Packing structure viewed from the a-axis, corresponding to the hexagonal 
channel direction. C, black; H, white; N, blue; O, red; Zn, green. ZnO6 octahedrons are highlighted. 
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Table 5-2. Crystallographic data of 2Zn’ 
Radiation type, Wavelength / Å 
Formula 




Crystal size / mm3 
a / Å 
b / Å 
c / Å 
 / ° 
 / ° 
 / ° 
V / Å3 
Z 
T 
 / mm–1 
calcd / g cm–3 
F(000) 
GOF on F2 
R1, wR2 [I>2(I)] 
R1, wR2 [all data] 
Reflns. measured 





























R = Σ(|Fo|–|Fc|) / Σ|Fo| 
Rw = [Σw(|Fo|–|Fc|)2 / Σw|Fo|2]1/2 
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 Hydrogen bond (HB) patterns in the crystal structure of 2Zn’ are shown in Figure 5-7. As 
expected, these are similar to those in 2Mg and 2Co in the chiral structure. For instance, unlike the 
perovskite-type 2Zn, the HBs are formed between the neighboring hydrazinium cations in hexagonal 
channels (Figure 5-7a, shown by blue dotted lines). Besides for the HBs between hydrazinium cations 
and anionic [Zn(HCOO)3]– framework, four HBs are formed by each hydrazinium cations (Figure 5-




Figure 5-7. Hydrogen-bond patterns in 2Zn’. (a) The N–H···N HBs (blue broken lines) between the 
nearest-neighbor NH3NH2+ cations, alternately repeated along the a-axis direction. (b) The N–H···O 
and the N–H···N HBs (red and blue broken lines, respectively) in a cavity. The formate H atoms are 
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 5. 6. 2. PXRD analysis 
 PXRD measurements were carried out to confirm the SXRD results and the phase purity 
(see Figure 5-8). As can be seen, the experimental pattern (black line) matched well with the simulated 
data (red line), whereas a few and weak signals were visible, which were assignable to the perovskite-
like 2Zn. It implied a transformation from the channel-type 2Zn’ to 2Zn by grinding or other stimuli. 
Thus, it was concluded that 2Zn’ was isolated enough purely, and the product taken from the same 
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5. 7. Thermal properties 
 5. 7. 1. DSC analysis 
 After the PXRD measurement, DSC measurements were performed to follow possible phase 
transformations. Samples used for measurements were similar to those used for PXRD experiments. 
Measurements were carried out under nitrogen atmosphere at a sweep rate of 10 K min–1. The 1st cycle 
was swept between 143 K and 373 K. For the 2nd cycle, the highest temperature reached up to 378 K. 
The DSC profile is shown in Figure 5-9. The sharp, reversible signals above 355 K are visible, which 
are assigned to a reversible phase transition in 2Zn’. Besides for a small peak at around 350 K, it is 
attributed to the phase transition of 2Zn in a perovskite structure12 as a minor impurity. The analytic 
results of the DSC measurement are shown in Table 5-3. Phase transition temperature, TC, is 
comparable to that of isomorphic 2Mg and 2Co.12 On the other hand, transition enthalpy and entropy 
(ΔH and ΔS, respectively) are smaller than those of the isomorphic compounds. Although this may be 




Figure 5-9. DSC profile of 2Zn’ under nitrogen atmosphere. Sweep rate, 10 K min–1. 
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Table 5-3. Result of DSC measurement on 2Zn’ 
 Cycle 1 Cycle 2 
TC (heating) / K 367.3 367.1 
TC (cooling) / K 363.6, 359.5 363.7, 358.2 
ΔH (heating) / kJ·mol–1 2.13 2.28 
ΔH (cooling) / kJ·mol–1 2.20 2.30 
ΔS (heating) / J·mol–1·K–1 5.80 6.21 
ΔS (cooling) / J·mol–1·K–1 – – 
 
5. 7. 2. TG/DTA analysis 
 Thermal stability of 2Zn’ was then investigated by means of TG/DTA measurements, using 
the same sample as the DSC measurement. Measurement was carried out under nitrogen atmosphere 
at a heating rate of 3 K min–1. The TG and DTA data are shown in Figure 5-10 by black and red solid 
lines, respectively. Looking at the heat flow profile, a small endothermic peak is seen at 360.0 K firstly, 
which is consistent with the decomposition temperature (Td) of the perovskite 2Zn.12 The next strong 
peak, hence, can be assigned to Td of 2Zn’; Td = 397.5 K. 
 
 
Figure 5-10. TG/DTA data of 2Zn’. Black line, weight% (corresponding to the left vertical axis); red 
line, heat flow (the right axis). 
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5. 8. Structural transformation under ambient condition 
 A metastable state possibly transforms into an energetically more preferred state. As the 
channel-type 2Zn’ is already suggested to be unstable compared with the perovskite-type 2Zn on the 
basis of the lattice dynamics calculation shown in the section 5. 3, 2Zn’ possibly transforms into 2Zn 
by triggered by any stimuli. In fact, a mechanical stimulus possibly triggers the structural 
transformation, as described in the section 5. 2. 2, while this has not been proved yet. For another 
mechanism, it was found that crystals of 2Zn’, which initially crystallized in the chiral structure, could 
transform into the perovskite structure under ambient condition. This phenomenon was firstly implied 
by the outside appearance of crystals: the initially afforded colorless, transparent single crystals 
gradually turned into cloudy, milky solids (Figure 5-11) when they were stored under ambient 
condition. 
The transformed milky crystals were characterized by a PXRD measurement. In Figure 5-
12a and 5-12b, the experimental patterns of 2Zn’ and 2Zn are plotted, respectively. The expected 
peak positions estimated from the cif data are given by tics. In comparison with them, the PXRD 
pattern of transformed solid (Figure 5-12c) is clearly consistent with that of 2Zn with the perovskite-
type structure. Because as-prepared 2Zn’ was much stable under dry argon atmosphere, the 
transformation was likely triggered by a surface water-mediated dissolution–recrystallization 
mechanism.21 There remains another possible mechanism related to a solid–solid transformation 
induced by surface oxidation and subsequent formation of defects, whereas this is much less likely. 
Again note that such structural transformation is in agreement with the relative stability of 2Zn 
compared with 2Zn’, which has been suggested by the computational calculation discussed in the 
section 5. 3. In addition, this trend is following the empirical Ostwald’s step rule22: at the first stage of 
crystallization, the least stable polymorph forms before transforming into the thermodynamically more 
stable structure. 
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Figure 5-11. Photograph of the transformed crystals of 2Zn’. This picture should be compared with 




Figure 5-12. Experimental PXRD patterns of (a) as-prepared 2Zn’, (b) as-prepared 2Zn and (c) 
transformed milky crystals. Black and blue tics point the expected positions from simulated patterns 
for 2Zn’ and 2Zn, respectively. The pattern in (a) is the same as the experimental data shown in 
Figure 5-8. 
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5. 8. Conclusion 
 In this chapter, the first example of polymorphism in the formate-based OIHPs was 
presented and related to entropic effects which played a crucial role in the crystal chemistry of hybrid 
frameworks. In a first step, lattice dynamics calculations of [NH3NH2]Zn(HCOO)3 were performed 
which showed that in the 0 K ground state, the perovskite-motif is the thermodynamically favored 
crystal structure. However, the Gibbs free energy, G, exhibits an entropic driven crossover at 330 K 
originating from density and different strengths of HBs.  
 Motivated by these calculations, experimental conditions have been varied and indeed, 
[NH3NH2]Zn(HCOO)3 was isolated in both polymorphic structures. In particular, single crystals of 
polymorphic 2Zn’ were grown using a mild solution approach with an optimized condition using 
controlled methanol–water mixture and TEA as solvent and a negative template, respectively. SXRD, 
PXRD, TG/DTA and DSC analyses were performed to characterize 2Zn’ thoroughly. Furthermore, a 
humidity-assisted structural transformation from 2Zn’ to 2Zn under ambient condition was observed 
which is consistent with the thermodynamic stabilities obtained from the lattice dynamics calculations. 
The results in this chapter will help the understanding of crystal chemistry in hybrid materials and to 
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6. 1. Conclusive remarks 
 
 In this thesis, synthetic studies based on coordination and organic chemistries were 
attempted to control the crystal structures and the solid-state properties of CPs. In addition, their 
structures and fundamental physical properties, such as optical, electrical, magnetic and mechanical 
characteristics, were investigated to get insights into their correlations. In fact, quasi-one-dimensional 
halogen-bridged metal complexes, MX-chains, and formate-based organic–inorganic hybrid 
perovskites were chosen as representative 1D and 3D CPs, respectively. By utilizing structural 
perturbations derived from the organic counterions, i.e. chemical pressure, as a driving force, the 
related physical properties of the coordination-based lattices were tuned in the two CPs. 
 
 In Chapter 1, the fascinating features of CPs, backgrounds of MX-chains and hybrid 
perovskites, and the aims of this thesis were thoroughly introduced. 
 
 In Chapter 2, controlling the Pd(II,IV) MV–Pd(III) AV phase transition temperature, TC, in 
the Pd MX-chains were focused on, from the viewpoint of structural feature of the amphiphilic 
counterions used. Usually, Pd MX-chains are in an MV state due to their relatively small on-site 
Coulomb repulsion energy, U; however, only an exceptional series of Pd MX-chains, 
[Pd(en)2Br](SucCn)2·H2O (PdBrSucCn), has been reported in 2008.1 Considering the large structural 
diversity of amphiphilic organic molecules, it was expected that modifications of amphiphilic SucCn– 
could vary the TC and add further functionalities. Indeed, a substitution of SucCn– with MalCn–, which 
meant a reduction of one methylene moiety from the dicarboxylate skeleton and led to increasing 
symmetry of the molecule, was found to produce an isomorphic series, [Pd(en)2Br](MalCn)2·H2O 
(PdBrMalCn), and to increase the TC by ~45 K at the same n. Based on the single-crystal X-ray 
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structure analyses of the Pt analogues of the two Pd complexes, PtBrMalC6 and PtBrSucC6, at 200 
K, the complicated structural changes were detected; however, two features seemed to be striking: 1) 
the hydrogen-bond network patterns around the [M(en)2Br] chains, sulfonate groups of counterions 
and crystallization waters were different to each other; and 2) the nearest-neighbor interchain distance 
in PtBrMalC6 was longer than that in PtBrSucC6, while the local hydrogen bond distances between 
the en ligands and sulfonates seemed to be almost unchanged. Although further detailed studies will 
be necessary for clarifying the most striking origin, at this stage, applying chemical pressure directly 
around the 1D chains can impact the intrachain M–M distances in MX-chains. 
 
 In Chapter 3, being opposite to the current trend to decrease the M–M distance in MX-chains, 
a bulky perrhenate ion, ReO4–, was used for synthesizing new MX-chains to explore novel physical 
phenomena. In this thesis, three isomorphic MX-chains, [M(en)2][M(en)2X2](ReO4)4, with {M,X} = 
{Pd,Br}, {Pt,Br} and {Pt,I} were yielded, and their crystal structures, optical and thermal properties 
were characterized. Interestingly, with the pair of {Pd,Br}, two polymorphic structures were found in 
the X-ray structural analysis, one of which was a minor product so that its physical properties could 
not be studied. As expected, the optical gaps of the perrhenate analogues synthesized in the present 
study were the largest among the reported MX-chains with the same {M,X} pair. The three complexes 
were found to undergo a second-order phase transition above room temperature, which was likely 
attributed to a thermally induced order–disorder motion of the en ligand, similar to the perchlorate 
analogues.2 In this study, an analogous complex with {Pt,Cl} was not yielded, probably due to the 
small ionic radius of Cl– ion. Hence, the perrhenate analogues prepared in this study may lie on the 
discrete limit of MX-chains. 
 
 In Chapter 4, a series of A-site solid solution of the formate-based hybrid perovskite, 
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[NH2NH3]1–x[HONH3]xZn(HCOO)3 (0.00 ≤ x ≤ 0.48), was successfully synthesized to control the 
dielectric and mechanical properties of the end-member, [NH2NH3]Zn(HCOO)3.3 The solid-solution 
products were prepared by mild solution technique. PXRD and DSC analyses revealed a systematic 
change in the lattice constant and the phase transition temperature (TC) characteristic to 
[NH2NH3]Zn(HCOO)3 with an increase in x. The ferroelectric-to-paraelectric phase transition related 
to the structural phase transition was investigated by means of the complex dielectric measurement, 
where the TC estimated from the two measurements were consistent with each other. Furthermore, a 
decrease of stiffness, i.e. elastic moduli and hardness, by ~25% was detected by nanoindentation 
experiment. The major origin of the decreased stiffness was estimated from the SXRD study to 
compare the compounds with x = 0.00 and x = 0.48: the amine–cavity interaction, such as the hydrogen 
bond, could be the first-order majority to determine the stiffness in the hybrid perovskites, rather than 
the distortive effect in lattice. From another viewpoint, a HONH3+ cation could be included in a 
perovskite-type architecture, whereas [HONH3]Zn(HCOO)3 itself did not crystallize in such motif.4 
Therefore, the results shown in this chapter are expected to lead us to develop new fascinating hybrid 
materials. 
 
 In Chapter 5, a polymorphism in AB(HCOO)3-type hybrid materials was studied by 
theoretical and experimental approaches. In particular, possible polymorphisms were predicted based 
on DFT-based lattice dynamics calculations on [NH2NH3]B(HCOO)3 with B = Mg2+ and Zn2+ in 
advance, and indeed, a synthetic approach was attempted to [NH2NH3]Zn(HCOO)3, which was 
reported to crystallize in a perovskite-type architecture. In fact, crystallization conditions were varied 
to control stabilities of the two polymorphic structures, and the predicted polymorph could be 
produced in an appropriate water–methanol ratio during the crystallization. The polymorph was found 
to be in a chiral structure with hexagonal channels, as similar to [NH2NH3]B(HCOO)3 with B = Mg2+ 
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and Co2+.4 The thermal property of the obtained polymorph was also characterized by means of 
TG/DTA and DSC measurements, being consistent with those of the Mg2+ and Co2+ analogues. Finally, 
[NH2NH3]Zn(HCOO)3 was found to transform from the chiral structure into the perovskite-like 
architecture under ambient condition, likely following Ostwald’s step rule. The results in this chapter 
indicate possible developments of hybrid materials by combining the computational studies with 
thorough experimental approaches. 
 
  Summarizing, the lattice–counterion interactions through electrostatic, hydrogen-bonding 
and steric forces, and etc. commonly play important roles to exhibit a variety of physical properties in 
organic–inorganic hybrid solids, like CPs. In particular, the hydrogen bond is likely the most crucial 
interaction in a wide range of the hybrid solids as it is very characteristic to the hybrid materials, and 
has flexible impacts on the crystal structures, sometimes leading to polymorphism. Although a 
progress in computational predictive methods of the assembled structures will give researches chances 
to develop novel materials, the synthetic investigations must be of great importance since the complex 
interactions in the hybrid solids trouble the precise structural predictions. Hopefully, experimental 
developments of the hybrid materials will open up not only fundamental insights into the structure–
property relationships but also the useful electronic devices. 
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